
Saiganesh Iyer
Pennsylvania State University, University Park, Pennsylvania

NASA/CR—2001-210715

April 2001

Viscoplastic Model Development to Account
for Strength Differential: Application to Aged
Inconel 718 at Elevated Temperature



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA’s scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

• TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

• TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

• CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

• CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or cosponsored by
NASA.

• SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

• TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA’s
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
data bases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following:

• Access the NASA STI Program Home Page
at http://www.sti.nasa.gov

• E-mail your question via the Internet to
help@sti.nasa.gov

• Fax your question to the NASA Access
Help Desk at 301–621–0134

• Telephone the NASA Access Help Desk at
301–621–0390

• Write to:
           NASA Access Help Desk
           NASA Center for AeroSpace Information
           7121 Standard Drive
           Hanover, MD 21076



April 2001

National Aeronautics and
Space Administration

Glenn Research Center

Prepared under Cooperative Agreement NCC3–597

Saiganesh Iyer
Pennsylvania State University, University Park, Pennsylvania

Viscoplastic Model Development to Account
for Strength Differential: Application to Aged
Inconel 718 at Elevated Temperature

NASA/CR—2001-210715



Acknowledgments

I would like to thank Professor C.J. Lissenden for advising me on the thesis and am grateful to him for
encouraging me throughout the duration of this research. I also thank Professor F. Costanzo, Professor D.A. Koss,

Professor A.D. Belegundu, and Professor R.A. Queeney for reading of the thesis and suggesting useful
modifications to it. The experimental results that I present were conducted in the Fatigue and Structures Laboratory

at the NASA Glenn Research Center by Professor C.J. Lissenden, Dr. Brad Lerch, Chris Gil, and Jason Colaiuta.
I am obligated to Professor Anindya Chatterjee and Professor F. Costanzo for enlightening discussions on the

mathematical aspects of the formulation. The metallography conducted by Chris Gil is appreciated.
I am grateful to Senthil Gopinathan, Dr. Divas Sanwal, Raviprakash Jayaraman, and Nikhil Rao for interesting

technical discussions. Computer support by Abraham Mathew, Mark Catalano, and Anirudh Modi is gratefully
acknowledged. Assistance in document preparation by Raviprakash Jayaraman and Balaji Venkataraman is

appreciated. I thank Sanjay Rangan for useful tips for presentation of this work. Finally, I would like to thank
NASA Glenn Research Center for sponsoring this work (NCC3-597).

Available from

NASA Center for Aerospace Information
7121 Standard Drive
Hanover, MD 21076
Price Code: A10

National Technical Information Service
5285 Port Royal Road
Springfield, VA 22100

Price Code: A10

Trade names or manufacturers’ names are used in this report for
identification only. This usage does not constitute an official
endorsement, either expressed or implied, by the National

Aeronautics and Space Administration.

Available electronically at http://gltrs.grc.nasa.gov/GLTRS

http://gltrs.grc.nasa.gov/GLTRS


iiiNASA/CR—2001-210715

  2

viii

  x

 xi

1

2

3

3

6

7

8

8

11

12

15

19

23

24

13



ivNASA/CR—2001-210715

27

28

29

30

33

40

41

43

45

45

47

48

51

55

57

58

59

61

62

63

65

66

68

69

72

74

74

52

55

71



vNASA/CR—2001-210715

140

107

102

77

142

141

78

140

138

78

135

135

79

132

126

80

117

115

84

115

112

87

109

108

87

92

92

91

91

141



vi

143

161

157

165

157157

181

185

145

NASA/CR—2001-210715



viiNASA/CR—2001-210715

81

16

14

4

85

83

13

82

78

32

77

76

33

75

70

35

39

38

36



viiiNASA/CR—2001-210715

129

100

101

103

127

105

99

110

109

111

95

114

106

116

94

85

118

119

93

120

121

130

123

124

86

88

125

128



ix

186

139

137

136

187

188

134

133

185

131

NASA/CR—2001-210715



xNASA/CR—2001-210715

96

97

97

97

104

96

108

116

102

89

135

12

88

62



xiNASA/CR—2001-210715



xiiNASA/CR—2001-210715



� � � � � � 
 �

 � � 	 � � � � � � � �

� � � , � � � � = � � � � � � 
 � 
 � F � � � � � � , � � � � � * � G � = � � � � � � � � � � � = � � � � � 0 � � � � � � � � � � � 0 � � � � � � = � � � � 
 � � �

F � � ! 0 � = � 0 � � $ � * � � � � � � 0 � � � � � � � � � � � � � � � 
 � � = � � 0 * � � 
 � � � 0 � � � = � � � , � � � � = � � � � * F � � 
 * �

� � � � � � � � � � � � � � , � = � � � 
 � � $ D � � � � � , = � � , , � � � � � � � 
 � = = * � � � � , ! � � � 0 � = � � � � , � � � � = 0 � � 
 � F � � � 
 �

� � � � � � � F � � � � � � , � � � * � G � = � � 0 � 
 � � � � F � , � � � � � � � � � � � � 0 = 
 F � , � : F � = � � � � = � , , 
 � 0 � � � $ J � �

� * � � � � � � � � � � � � � � 
 � � � � � � � � � � � 
 � � ! � � � F � � � � 0 � * � 
 F 
 � � � � � � � � � � � � � � G * � � � � � � � : � F � , � �


 � � � � � � F � � � � � � , � � : � � � � � � = � = 
 F � , � : � � � � F 
 8 F � = � � � � = � , , 
 � 0 � � � $ � � � � � � � � � � * � � � 
 � � �

� � � F � � � � � � , � � � * � G � = � � 0 � 
 F * , � � � : � � , � � � � � � 
 � � � � � � � � 0 � . � � � � � , 
 � 0 � � � � � � � � � � 0 � � � � � � , �

� � F � � � � � * � � = 
 � 0 � � � 
 � � $ D � � � = = * � � � � � � � � � � � � � � � � 
 � 
 � � � � � � � � � � � � � � � � 0 � � F � � � � � * � � > � , 0 �

� � � � � � � � � � � � * = � * � � , = 
 F � 
 � � � � � 0 � � � � 0 � � � � 
 � � , ! 
 � � � � F � � � � F � � � = � , � � � � � � � � � � � � 
 � � 
 �

= 
 � � � � � * � � � � � b * � � � 
 � � 
 � � � � � � � , � � � � = � � � � � � 
 � 
 � � � � � � F � � � � � � , � � � � � � � 
 * � � � F � � � � � * � �

, � � � , � $ L * � � � � � � � 
 � � � � � � � � , , ! � � � , � = � � , � � � � � = 
 � � � � � * � � � � � b * � � � 
 � � F * � � � � � : � � � � � � 0 � �

� � � � 
 � � � , � 
 � F $

D � � � 
 � � , � � � � � � � � � � � F � � � � � � , = � � � � � � � � � � � � 0 � � � 
 � , � � � � = � � 0 � � � , � � � � = � � � � � $ + , � � 8

� � = � , 0 � = 
 F � 
 � � � � 
 � 
 � � � � � � � , � � � � = = 
 F � 
 � � � � � � � 
 � � F � � � 0 � � � � 0 � � � 3 � , � � � � = 5 � � 0 � � F �

0 � � � � 0 � � � 3 = � � � � 5 = 
 � � � � � * � � 
 � � � � = � , � � � � � � F 
 0 � , � � � 
 � F � � � � � � , � � � � � � 
 � $ D � � � , � � � � = = 
 F 8

� 
 � � � � � � = 
 � � � 0 � � � 0 � 
 � � � � � � 
 � ! 0 � � � � 0 � � � � � $ � $ � � � � = * � � � � � � , � � � � = � � � � � � 0 � � � � 0 � 
 � � � �

, 
 � 0 � � � � � � � 
 � ! $ D � � = � � � � = 
 F � 
 � � � � � � � � � � � � 0 � � � � F � 0 � � � � 0 � � � � � 0 � � � � � � 
 � � � � , � � 
 �

0 � � 
 � F � � � 
 � � � � � � � � � : � � � � � , , 
 � 0 � � � 0 � � � � � F � � � � � * � � � � � � � , 0 = 
 � � � � � � $

4 � � , � � � � � 0 � � F � � � � � * � � � � � 
 � � � � � � � � � = , � � � � = � , 0 � = 
 F � 
 � � � � 
 � � � � 
 � , � � � � = � � 0 = � � � � � � � � � � �

NASA/CR—2001-210715 1



� � � � N � 0 
 � � $ � � � � � * = � * � � , � , , 
 ! � = � � � � � � 0 � , � � � � = � � � � � � � 
 = = * � � � F * , � � � � 
 * � , ! � � 0 � � � � � 8

� = � � � � , ! $ D � � � � * � � � � � � � � � � � � � � � 0 � * � � > � 0 = 
 � � � � � * � � � � F 
 0 � , � 
 � � � � � � � � � 0 � � 
 � F � � � 
 �


 � F � � � , � � � � , � � � � � 0 � � F � � � � � * � � � $ @ � � ! � * = � F 
 0 � , � � � � � � � � � 0 � � � , 
 � � 0 � � � � � , � � � � � �

0 � = � 0 � � 3 � $ � $ � � , N � � � � � � � � � P 
 0 � � � � � � � � � � Y � , , � � � � � 0 @ � , , � � � � � � � � � G 
 � � � � 
 � � � 0 % * . !

� � � � \ � � L � � � 0 � � 0 � � , N � � � � � � [ � � 4 � � 
 , 0 � � � , � � � � Z � 5 $ @ 
 � � = 
 � � � � � * � � � � � � � 
 � � � � * � � � � � � � � � ,

� � � � � � , � � � � 0 � � � � 
 � � � � � � � � 
 , * � � 
 � � � ! � b * � � � 
 � � � 
 � � � F * , � � � � 
 * � , ! � � � � � � � � � , , � � � � = � � 
 �

� � � , � � � � = 0 � � 
 � F � � � 
 � � � = , * 0 � � � � , � � � � = � � ! � = � � � � � � 0 � � � � � � � � , � : � � � 
 � $ D � � � � � � � 
 � � � � � � �

� � � � 0 
 � � � � � F 
 0 ! � � F � = � 
 � � � � � � � � � � � , � � � 
 = � � � � � � � 0 � � , , � � � , � � 
 � � � � 0 
 � � � + � � � � � � I $

� � � � 	 � 	 � 	 	 � � � � �  	   � 	 � � 	 � 	 � � � 	 	 � � � 	 � 	 � 	 � � �

� � � � � ! � � � � � � F � � ! = 
 � = � � � � � � � � 
 � � � = � � � � , � = � � � 
 � � $ D � * � � � , , � * � � � � * = � * � � � F * � � � � F � � �

� � � * = � * � � , , ! � 
 * � 0 0 * � � � � � , , � � � � � � 
 � � � � � � $ L 
 � � � � � * � � � � � � � � � � � = 
 F � 
 � � � � � � F � � � � � � , �

� � � � � � � 
 
 0 � � � � � � � � � � 
 � � � � � � � 
 � � � � � � 0 � � � � � � 
 � � � F � � � � � * � � � � � � � � b * � � � 0 $ @ � � � , 8

F � � � � : = 
 F � 
 � � � � � 3 @ @ + � 5 � � 0 � * � � � � , , 
 ! � � 
 � � � � � � � � � b * � , � � ! � � 0 � � � = � � � � � * � � � � , �

� 
 � � � � � � � � , � = � � � 
 � $ j � � � � � 
 � � � = 
 F � , � : � � ! � � � � � � � � � = � � � 
 � 
 � @ @ + � � � � : � � � � � � � � � 0

� � F � = 
 � � * F � � � $ Y � � = � � � * � � � � , , 
 ! � , � N � � � = 
 � � , � � � 3 � W � = N � , 8 � � � � 0 � , , 
 ! 5 � � 0 Y � ! � � � � � �

3 � = 
 � � , � 8 � � � � 0 � , , 
 ! 5 � � � F 
 � � � 
 � * , � � � � � � @ @ + � � � � � � � � � 
 � � � = � � � 0 * � � � ! � 
 � � � � � � �

� � � , � = � � � 
 � � $ 4 � � 0 � � = 
 � � , � � � � � � � � � � � � � � � � 0 � ! � � � = � � � � � � � � � � 0 � � � � � � � � � � � = � > � �

� � � � � = , � � 
 � � � � = 
 � 0 � � � � � � � � 0 � � � � � � � 0 � � � 
 * � � 
 * � � � � � � � � � � � � � � � � � ! � , 
 � � � � 0 
 � � � � �

F 
 � � F � � � 
 � 0 � � , 
 = � � � 
 � � $ D � � � � ! � � = � , F � = � � � � � F � � � � � 
 � � � � , � � 
 � � � � � � � � � � � � � � 
 � � � � �

� , , 
 ! � � � � : � , � � � � 0 � � + � � � � � � E $

� � � � � � 	 � � 	 � 	 � � �  	 � � 	 � 	 � � � 	 � 	 	 � � 

� � = 
 � � , � � � � � � � � 
 * � � � � � = N � , 8 � � � � 0 � , , 
 ! � � � � � � � � � = � � � � � � � 
 � � � � 0 � � � � , � � 
 
 � � � � � � � � �

� � � � � � � � � � 0 � � � � � F � � � � � � , � 
 � � � � � � � � � � � � � 0 � � � � � � � � � � � � � � � � � � = � $

G � = � � � � : � � � � F � � � � 
 � � � = 
 � � , � � � � � 0 � = � � � � � � � � � � ! � � , 0 � � � � � � � � 0 � * � � � b * � � � � 
 � � � � � � �

� � � � � � � � > = � � � , ! � � � � � � � � = 
 F � � � � � � 
 � � � � � � � � � � � � 
 � 3 J � , � � � , � � � � � � � 5 $ D � � � � � � � 
 F � � 
 � �

N � 
 � � � � � � � � � � � � � � � 0 � . � � � � � � � , 3 � % 5 � � � 
 � � � � � � 0 � 
 � � � � 0 � � � � � � 
 � � � F � � � � � * � � � � �

NASA/CR—2001-210715 2



� � 
 � � � � L � � * � � � $ � $ L � � * � � � $ � 3 � 5 � � 
 � � � � � � � � ! � � , 0 � � 0 � 
 � � 8 ! � � , 0 � � � � � � � � � � = 
 F � � � � � � 
 �

� � Z [ \ ] 	 $ K � � , 0 , 
 = � � � E I ] 	 � � 0 Z [ \ ] 	 � � � 
 � � � � L � � * � � � $ � 3 � 5 � = , � � � , ! � � 
 � � = = � � � � � = � � !

� � � � � = 
 F � � � � � � � � � � � � � � 0 � � � = � � 
 � $ D � � � % � . � = � = � � � � F � � � � F � � � = � , , ! 0 � > � � 0 � �

 � � E � � � � � 


� � � � 
 � 	 � \ \ 3 � $ � 5

� � � � � � � � � 0 � 
 � � � ! � � , 0 � � � � � � � � � � � * � � � : � � , = 
 F � � � � � � 
 � � � 0 * � � � : � � , � � � � � 
 � � � � � � � = 8

� � � � , ! $ 4 � � � � � � � � � � � � 
 � 
 � ! � � , 0 � � � � � � � % � � � � � � � � � � , * � i � � � � � � 0 � = � � � � � � � � � 0 > � � , , !

� � � = � � � � = 
 � � � � � � � � , * � � � � � � � � � � � � , � � � � = � � � � � � � $

4 ! � � , 0 � * � = � � 
 � � � � � � 0 � 
 , � , ! 
 � � � � � � = 
 � 0 � � � � � � � � � 
 � 0 � � � � � 
 � � = � � � � � � 3 � � 5 � � � 
 � � � , �

� 
 = 
 � � � = � , ! � � � � � � � � � � F � � � � � � , � � � � � � % $ $ U � � � � U � � � & * � � � U � 5 � � � � 9 � ; � � 7 � � � �

� � 9 � � & * � � � & ! � � 5 � � * & � � � 5 1 � = � * � 5 � � � � 9 � * / ( & � � = � � * � * / � 9 � � � � � & 5 5 � � 9 � � � � � U �

� � � � 9 � � U = � � � � � 9 � � & * � � � 5 � �

� � � � 	 � 	 � 	 � 	 � 	 � 	 � � � � � � 	 � � 	 � 	 � � �  	 � � �
Y � � � � � � � � � � , � � � � 0 � � � � � � 0 � 
 � � � � � � , � M � � � � ! � � , 0 � * � = � � 
 � � 
 = � � � * � � � � � � % � . � = � � � �

� � � 
 � � � � � � , � � 
 , 
 
 N � � � 
 F � ! � � , 0 � * � = � � 
 � � � � 0 � 
 � � * , � � * � � 0 � ! 
 � � � � � � � � � � = � � � � �

� � � � 0 � � � � � � � � 
 F � � � , � � � � = � � ! � � � 
 � ! $ D � � � � � = � � 
 � � � � � � � � � � � � 
 F � � � � � = � , � F � � � � 
 � � �

� , � � � � = � � ! � 
 , , 
 � � 0 � ! � � � � � � = � � � � � � � 0 � � � � � � 
 � � � � 
 F � � � = , � � � � = � , � � � � 
 � = � � � � � � b * � � � 0

� 
 = � � � * � � F � � � � � � , � � � � � � 
 � $

 ! # !  & ' ) + , - , + 1 ) 3 4 3 ) 6
3 Y � , , � � � [ \ � � @ � � 0 � , � 
 � � � � � I � � 3 * � , � � � � � � � � \ � � + � � � � � � � L � � T � � � � � 0 Y * � � � � � � � [ � 5

4 � � � � = 
 � � � � * * F , � � � , � � � � � � � � � � , F � � � � � � , � � � � � � 
 � � � � � N � � � 
 � � , � � � � � � , � � � � = * � � 


� � � ! � � , 0 � 
 � � � $ D � � ! � � , 0 � * � � � = � 0 � , � � � � � � � � � � = * � � � � � � , � � � � = � � � � 
 � � � � � � � � � � � � = � $ L 
 �

� � � , � � � � = � , , ! � � 
 � � 
 � � = F � � � , � ! � � , 0 � � � 0 � � � � 0 � 
 � � � � � � � � � � F � � � � � * � � � � � 0 � � � � � � � , � � � � �

3 0 � � = � � � � 0 � ! � � � 0 � � � � � 
 � � � � � � � � , � � � � � � � � � � � , � � 5 $ 
 � 0 � � � � 
 � � � � F � , = 
 � 0 � � � 
 � � � � � � � � � ,

NASA/CR—2001-210715 3



0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

100

200

300

400

500

600

700

800

900

1000
(a)

Axial Strain

A
xi

al
 S

tr
es

s 
(M

P
a)

Tensile 

Compressive 

(b)

YS @ 650
o
 C 

YS @ 23
o
 C 

200 400 600 800-800
-800

-600

-400

-200

0

200

400

600

800

31
/2

S
he

ar
 S

tr
es

s 
(M

P
a)

Axial Stress (MPa)
-600 -400 -200 0

L � � * � � � $ � � � � � � � � � � % � . � � � � � � � , � � � � � 0 � � = 
 � � , � � � � 3 � 5 
 � � � : � � , G � � � 
 � � � � � Z [ \ ] + 3 � 5

K � � , 0 3 
 = � � 
 � � I \ � F � F 
 . � � � � � � � � � 0 � > � � � � 
 �

NASA/CR—2001-210715 4



! � � , 0 � � � 0 � � � � 0 � 
 � , ! 
 � � � � � � � � � � � � � � � � � � � = � � � 
 � � � � 0 � � = � � � � 0 � ! � � � � � � � � � � � � � � � � � � � � � �

� � � � � �

� � �

�

E
 � �  � �

� � �

�

I
 � �  � 
  
 �

� � � � � � � � � � � � > � � � � � � � � � � � � � � � � � � � � � � � 0 � � � � � � � � � � = 
 � 0 � � 0 � � � � 0 0 � � � � � 
 � � = � � � � � �

� � � � � � � � � � � � � � � = � � � � , ! � � � � � � 0  � � 0 � � 
 � � � � � + � * = � ! � � 0 0 � � � � � 
 � � = � � � � � � = 
 F � 
 � � � � �

� � � � � = � � � � , ! $ D � � ! � � , 0 � * � = � � 
 � = � � � � � : � � � � � � 0 � �

� 3 � � � 5 � � 3 � � � � � � � � 5 � \ � 3 � $ E 5

6 � ! � � = � , , ! � � � � � � � � � � � � � � � � � ! 0 � 
 � � � � � = � � � � � � � � 0 � � � � � � � � � � � � � � � 0 � � � 
 � � � 
 � � , � � � � � ! � �

� � � F � � � � � � , $ D � 
 * � � � 
 0 � > � � � � � � ! � � = � , b * � � � � � ! � � � � � � � � * � � 0 � 
 � � � � � = � � � � � � � � � � 0 � �

� � � � � � � � � � � � � � F � � � � � � � � � � 0 * = � � � � ! F F � � � ! � � ! � � , 0 � � 0 � 
 � � � � � � � 
 � � � � � � � � � � � � � 
 �

� � 0 = 
 F � � � � � � 
 � $

P � � � 0 
 � � � � � 
 � N 
 � P � � 0 � F � � � � � [ E � � ! � � , 0 � � � � � F 
 � � F � � � , � 3 � $ � $ F � , 0 � � � � , � = 
 � � � � �

� , * F � � * F 5 � � � � 
 * � 0 � 
 � � � � , � � � � � , ! � � � � � � � � � � � � 
 � ! 0 � 
 � � � � � = � � � � � * � � $ D � � � � * � � � � � �

� � � � � � � � * � � F � 
 � � � � � � � � � � 0 � > � � � � 
 � 
 � ! � � , 0 $ 4 , � 
 � � 
 � F � � ! F � � � , � � � � � � � � � , � � � 0

= 
 F � � � � � � � � � 
 � � � � � � � 
 � � � � � 0 � � � � = � , 3 � $ � $ � , * F � � * F � � � � � � � * F � * � � � � 0 F � � � � � � � � � � � , �

* � � � � 0 � � = 
 � � , � � � 5 � F � N � � � � � * � � F � 
 � � � � � $ Y � � = � � � � ! � � , 0 � * � = � � 
 � 0 � � � � 0 � 
 � , ! 
 � � �

� � 0 � � � ! � � , 0 � * � � � = � � � � � � � > � � � � = ! , � � 0 � � � � � � � � � � � = � � � , � � � � � � � � � = � � � � � � � � � : � � � , 
 � �

� � � � ! 0 � 
 � � � � � = � � � � � � , � � � $ D � � � 
 � @ � � � � ! � � , 0 = � � � � � � 
 � � � N � � � � � � 
 � F 
 � � = ! , � � 0 � � � � � �

� = � � = * , � � = � 
 � � 8 � � = � � 
 � � � � � * , � � � � � �

� I � � � � 	 3 � $ I 5

� � � � � � 	 � � � � � * � � � : � � , � � � � � , � ! � � , 0 � � � � � � � � $

� � � � � � � , � � 0 � 
 � � � � � F � � � � � � , � � % � * = N � � � � � � � � � , � � ! � 
 � � * , � � � 3 % � * = N � � � � � [ � � � � 0 � � � [ � � 5

� � � * , � � � � � � � � � � , � � � � = � � � � � � � � � � � � = � 
 � � � � � � � 
 � F � , � 
 � � � ! � � , 0 � * � � � = � $ D � * � � � � � ! � � , 0

� * � = � � 
 � = � � � � � � � � � � 0 � � � � , � � � � = � 
 � � � � � � , � � 0 � � � � � � , � � � � = � � � � � � � � � � = � � � � 0 � � � � F � � � 0

� ! * � � 
 � � � � � � 
 = � � � � 0 � 
 � , � � �

�� �� � �
�� � �

� � � �
3 � $ L 5

NASA/CR—2001-210715 5



� � � � � �� � � � � = � , � � � � � � � � 0 � � � � F � � � 0 � � 
 F � � � = 
 � � � � � � � = ! = 
 � 0 � � � 
 � 0 � � = * � � � 0 � � + � � � � � �

I $ Y � � = � = , � � � � = � , � , � � � � = � � ! � � � 
 � ! � � � � � � � � , � � 0 � 
 F � � � , � � � * � � � � � � � � � � � � � ! � � , 0 � * � = � � 
 �

� � � � � � 0 
 � , ! 
 � � � � � � � � � � � � � � 0 � � � � � � � � 
 � , � � � � � � � 
 = � � � � � � $

 ! # ! � � ' � 3 + ) 3 � � 1 	 � � � 4 , + 1 1 3 4 + , � , + 1 ) 3 4 3 ) 6

D � 
 * � � F � � ! F � � � , � � 
 , , 
 � � � � � 
 � @ � � � � 3 � � � � � � 0 5 ! � � , 0 = � � � � � � 
 � � � 0 � � � 
 = � � � � � � � 
 �

, � � � � � � � � � � � � 
 F � � � � � 0 � � � � � � � � 
 F � � � � � � 
 � � 
 � � $ � � � � � � � � = � � 
 � � � � � � � � � � � � 
 F �

� � � � � � = � � � � � � � � � � � � 0 � � � � � � 
 � � � � � 
 � � � � � � 0 $ P ! 0 
 � � � � 
 � � � � * � � � � � � F � � � � � M � � � � � � � 0

� 
 � � � � � � 
 � 
 � � 0 � � � � � � � � � � � 
 � $

� � � � � � � � � � 
 F � � � F � 0 0 , � � � Z \ � � � : � � � � F � � � � , � � � * , � � � � � � � * � , � � � � 0 � � � = � � � 
 � � � � � ! � � , 0

� � 0 � 
 � � � � � � � � � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � � 0 � . � � � � � � 
 � � 
 F � � � � � � � � � � � � � � � � � , � 3 � $ � $ $

3 � � , � � � � 0 � 
 � � � � � � Z � � i T � , � � � � � 0 + 
 � � � � � � Z � � i G � * = � � � 0 3 � � , � � � � � � E � i + � � � � � � � � E � i

� � � � M � � � � � , � � � � [ � 5 $ D � � � � ! � � = � , F � = � � � � � F � � � � � = � � = � * � � � � % � � � � � � � � � � � 0 � ! Y � � � �

� � 0 + 
 � � � � � � � \ � � � 0 % � * = N � � � � � � I � $ L 
 � � � � , � � � � = � , , ! � � 
 � � 
 � � = F � � � � � � , � : � � � � � � � � � % �

� ! � � , 0 � * � = � � 
 � � � � � 
 � , ! 0 � � � � 0 � 
 � � � � � , , � 
 � � � � � � � � = = * � � � � � � � � � � � � � � � � 
 � 
 � � � �

F � � � � � � , � � � � � � 
 � $

9 : � � � � F � � � � 
 � � � 
 � � � � � , � = � ! � � � , � 3 � � � � M � � � � � � � � 5 � � 
 � � 0 � � � � = 
 � � � � � ! � 
 � = � F � 0 � � , � �

3 � = � F � 0 � � � E L � 5 � � � � � 
 � F � , � � � � � � 
 � � � � � , � � � , � � � � � . � = � � � � � 0 � � , 
 = � � � 
 � � � � � � � = � � 
 � � $

D � � � � � * , � � � * � � � � � � � � � � � � � � � 0 
 F � � � � � � . � = � 
 � � ! 0 � 
 � � � � � = � � � � � * � � � � � 
 � � � � � 0 � � �

� � � � � � � � 
 � 
 � F 
 � � , � 0 � � , 
 = � � � 
 � � � � � � * , � � � � � � � � � � = � � � � � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! � � � = � � �

� * � � = � * � � � � � � � = � � � � � � � � 
 , * F � $ D � � � � * � � � � � � � � � � � � � , � = � � � 
 � 
 � � ! 0 � 
 � � � � � = � � � � � * � �

� . � = � � � � � , � � � � = � � � � � � 
 � 
 � � � � F � � � � � � , � � � 0 � = � � � � � � � � � � 
 � � � 0 � � � � 0 � � � 
 � � � $

D � � � � 
 � � � : � F � , � � � � � � � � � � � � � � � = � � � � � � � � � � � � � � 0 ! � � , 0 0 � � = � � � � � 
 � � � , , � � � 
 � � � �

� � � � � � � � � � � � � � � F � � � � � � , � � � � � � 
 � $ + � � � � � � I � � � � � � � F 
 � � � � � � � � = � � � � � � � � � � � � � � , � M � � � 
 �


 � � � � ! � � , 0 � * � = � � 
 � � � � � � 0 � 0 $

NASA/CR—2001-210715 6



 ! # ! # & � � 3 � ' � � 3 ' , � � � � 4 ) 3 � � 1

� 
 F � � � � � � � = � � � � � � � � � : � � � 0 � 0 � � � , � � � � = � � ! � � � 
 � ! � 
 � = = 
 * � � � 
 � 0 � � � � � � 
 � � � � 
 F = , � � � � = � ,

� , � � � � = � � ! $ % � * = N � � � � � L � � = 
 F � � � � 0 j � � 
 
 0 � � � � � L � � � : � � � � F � � � � , 0 � � � 
 � � , * F � � * F � , , 
 !

� * � � � � 
 = , � � � � = � , D � � � = � � � 0 � 
 � @ � � � � ! � � , 0 = � � � � � � 
 � $ � � � , � � � � � � � � � � � D � � � = � = � � � � � � 
 � �

� 
 � � � � @ � � � � = � � � � � � 
 � � � � � � � 0 � � , , � � � � � � � � : � � � � F � � � � , 0 � � � � � � * � = � � 
 � 
 � � � � � 
 � F

� 3 � � � � � 5 � �
�

� � E � E [ �
�

� � � � 3 � $ [ 5

0 � 0 > � � � � 0 � � � � � , , $ D � � � � � � 
 � � 
 � � � � > � � � � * � = � � 
 � � � 
 � 
 � � ! 
 � 0 � � � � � � � � � � � � � � � � � 
 �


 � ! � � , 0 � 
 � F � � � , , � = F � � � � � � , � $

L 
 � F � � � � � � , � � : � � � � � � � � � % � � � � , � � � � = � � ! � � � 
 � ! � � � 0 � � 
 � � � � � � � � , � M � 0 $ K � � , 0 � * � = � � 
 � �

� 
 � � * = � F � � � � � � , � F * � � � � � � � � � � � � � � 0 � ! � � 
 0 0 � 
 � � � 
 � � � � � � 
 0 0 � 
 � � � 
 � � � � 
 � �

= 
 F � � � � � � 
 � 
 � � � � � � 
 $ % � � � � 0 � � = � 
 � � � � � b * � � � � � � � � � * � � � � � � � � � � � � ! � � � � , � 0 � � � � 0 � � = �


 � � � 3 � � 0 � 
 � � � 5 � � b * � � � � � � � � � * � � � � � � � � � � � � � � ! $ � � � � M � � � � � , � � � � [ � � * � � � � F � 
 � � 0 � � � � � , �

� � 0 = 
 F � � � � � � � � , 
 � 0 � 
 � � ! 0 � 
 � � � � � = � � � � � * � � � 
 � 0 � . � � � � � F � � � � � � , � $ D � � � � � * , � � = , � � � , !

� � 
 � � 0 � � � � � � � � 
 � � � � � � � � � � � � � � * � � 0 � � � � 0 � � � $ � � F � � ! = � � � � � � � � � 
 � � � � � � � � � � � � � �

� 
 � � , � � � � � , ! � � , � � � 0 � 
 � ! 0 � 
 � � � � � = � � � � � * � � � � * � � � � � � � � � � � * � � 
 � � % � * = N � � 8 6 � � � � � ! � � , 0

= � � � � � � 
 � 3 % � * = N � � � � 0 6 � � � � � � � � [ E � 5 i

� � � � � �
� � � � 	 3 � $ Z 5

� � � � � � � � 0 � � � � � : � � � � F � � � � , , ! 0 � � � � F � � � 0 = 
 � � � � � � � $ � � 
 � � � � = � � � � � � � � � � , � � � 
 � � � � �

� � � � 
 � � � * , ! , � � � � � � * � � � � � � � � � � � � � � � � � � � � � � � � F 
 � � 0 � . � � � � � � * � = � � 
 � 
 � � � � � � � b * � � � 0 $

� � � � M � � � � � , � � � � [ � � � 0 � 
 
 0 � * = = � � � * � � � � � % � * = N � � 8 6 � � � � � � ! � � ! � � , 0 = � � � � � � 
 � 
 � � � � � 
 � F �

� I � � � � � � � � 3 � $ � 5

� � � � � 1 � � 0 J � � � � 
 � � � � � � � � 0 � � � � 0 � � � � � * � � � � � � � � � � 
 �  � 3 � � 5 � � � � 
 � � � 
 � � � � 0 � � � � 0 � � �


 � � � � � � � $ D � � � % � � � 0 � = � � 0 � ! � b * � � � 
 � � $ � � � � � F � , ! E 1 $


 � � 
 � � � � � � 
 = � � � � 0 � 
 � , � � � � � � � � � � � � * � � 0 � � � � 0 � � � ! � � , 0 � * � = � � 
 � � � � * , � � � � � � � � 0 � = � � 0

� � � F � � � � � � 
 , * F � = � � � � � � � � � 
 : � F � � � , ! � [ � � F � � � � � � � � � � � � � � � � � 0 � � � � F � � � 0 � ! � � � 8 � � � �

� � 0 � 
 � � 8 � � � � 0 � � � � � ! F � � � * � � F � � � � � � 0 � � � � � � � � � � F � � � * � � F � � � � 3 � � � � M � � � � � , � � � � [ � � � � Z � i

� � � � M � � � � 0 G � = � F 
 � 0 � � � � \ � � G � = � F 
 � 0 � � 0 � � � � M � � � � � � L � 5 $ D � � � � * � � � � � � � � � * � � 
 � � � 
 � 8

� � � 
 = � � � � 0 � 
 � , � � � � � � � � � � � * � � 0 � � � � 0 � � � ! � � , 0 � � � � � � � � � � � � 
 � � � 
 � � � � � � F � � � � � � , � $

NASA/CR—2001-210715 7



� � � � 	 �  � � � � � 	 � 	 � 	 � 	 � 	 � 	 � �

D � � � � � � � � , � M � � � 
 � 
 � = , � � � � = � , � , � � � � = � � ! � � � 
 � ! , � � � � � � 
 � � � � 
 � � � � � � � 0 � � � � 0 � � = � 
 � � 
 �


 � � � � � � � � � � � � � � � � � � � � � � � � 0 � � $ D � � � � � = � � � � � � , ! = 
 F � , � = � � � � � � � F � � � � F � � � = � � � 0 � � � � � �

� � � � � � * � 
 � � � � � � * � = � � 
 � � , � 
 � F 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � , � � � � = � 
 � $

4 � � � � � � , � � � � 
 � = � � 
 � 0 � � � � F � � � � � � � � � � � , � � � � = � 
 � 0 � � � � 0 � � = � 
 � � � = � 
 � � � � � � � � � � � � � � �

� � � � � � � � � � � 
 * , 0 � � � 
 � 
 , , 
 � � � � � � � � � � � � � � � � � 
 � , ! 
 � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � $ D � 


= , � � � � = � , � : � � � � F � � � � � � � � 0 
 � � � � � � � � � � ! 0 � 
 � � � � � = � � � � � * � � � � � � � � � � � � 
 � , ! � � � � � � � � i � � 0 �

� * � � � 
 � � � 
 � � � � � � � � � � � 
 � , ! � � � � � � � � $ D � � � � � � � F � � ! 
 � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � , � $


 � � 
 � � * � � � � , ! � � � � � � � � � � � � � � � � � � � � � � � , , ! � � b * � � � � � � � � 8 0 � F � � � � 
 � � , � � � � � � � � � � � � � � � � = �

� � � 0 � ; = * , � � 
 
 � � � � � � � � � � , � � 
 � � � 
 � ! $ L 
 � � : � � � � F � � � � , � : � � 0 � � � = ! � � � � � � � � � 
 , � � � � � : � � , 8

� 
 � � � 
 � � , , 
 � 0 � � � 
 � � � � � 8 � � , , � 0 � * � � � � � � � 
 � � * � � 0 � � 0 � � � � F � � � � � � � � � � � � � > = � � = � 
 � � � �

> � � � � � 0 � � � � 0 � � � � � � � � � � � � � � � � � � � � � 0 � � � � � � � � = � � � � , ! $

j � = � � � � � 
 � F 
 � � � � � � � � � � 
 , 0 � * � = � � 
 � � � 0 � � � � F � � � 0 � 
 � � W � � � � = � � � � = � � � � M � � � 
 � � � 0 
 � � � 


b * � � � � � ! � � � F � � � � � � , � � � � F � � � � � � � � � � F 
 0 � , $ + � � � � = � � � � M � � � 
 � � : � � � � F � � � � � � = , * 0 � � � � � �

� � � � � � � 0 * � � � : � � , 3 � � � � � , � � � 0 = 
 F � � � � � � � � 5 � � � � � $ @ * , � � � , � = 
 F � � � � � � 
 � � 
 � � � � � � � � � � � � � � � � �

� � � � � � � � � � � 
 , 0 � * � = � � 
 � = � � � � � * , � � � � � � b * � , , ! � 
 
 0 = 
 � � � , � � � 
 � � � � � � � � * � � � : � � , � � � � 0 � � � $

9 : � � � � F � � � � , � � , � 0 � � � 
 � � � � � b * � � � 0 � 
 � � , � = � 
 
 � � � � � � � 
 � � � = 
 F � � � � � � 
 � 
 � � � � � � � � � � � $

D � � � � � 0 
 � � � ! � 
 , , 
 � � � � , 
 � 0 � � � � � � � � � � : � � � F � M � � � � 0 � . � � � � = � � � � � � � � � � � � � � � 0 � = � � 0

� � � � 
 � � � � � � � � � 0 
 � � � � = � 
 � � � � � � � � � 
 , 0 � * � = � � 
 � � � � 0 � ! = 
 F � � � � � � � � � � : � � � � F � � � � � � � �

� � � 0 � = � � 
 � � $ D � � � � � � � 
 � = � = � � � � � � � , � � 0 � 
 � � ! F � � � � � � , � : � � � � � � � � � � % � � $ � $ F � � � � � � � � � =

� � � � , � � � � 0 � � � � � F � � � , , � = � , � N � � � � � � � * F � , * F � � � 0 � $

� � � � � 	 � � 	 	 �

f � � � 
 * � F � = � � � � � F � 
 � 0 � � 
 � F � � � 
 � � � � W � � � � � � 0 � � = * � � � 0 � � + � � � � � � E $ 4 , � 
 � � � � � � � 0 � � �

� � � � � � � � � � � � � � � � F � = � � � � � F � � � F � � � , , � = � , , 
 ! � � � 0 � � � F � = � � � � � F � � � � � 
 � � � � , � � 
 � � % � �

F � � � , � $ P ! = 
 F � � � � � � � � 0 = 
 � � � � � � � � � 0 � . � � � � � F � = � � � � � F � � � � � � � � F � � � � F � 0 � � 
 � 0 � � � � � !

� � � 
 � � � � � � � = 
 * , 0 � � � � � � 
 � � � � , � � 
 � � � � 
 � � � � � � 0 � % � . � = � � � � W � � � $

D � � 
 � � � � = � , � � = N � � 
 * � 0 � � : � , � � � � � � � � � � * � 0 � F � � � � , � 
 � � � � � 8 � � 0 � � � � 0 � � � � � 0 � � � � 8 0 � � � � 0 � � �

NASA/CR—2001-210715 8



� , � � � � = � � ! � � � � � F � � � � � � 
 � F � � � , � , � � � � = � � ! � � � � � � � � � � � 0 � � + � � � � � � I $ D � � � F 
 0 ! � � F � =

= 
 � � � 0 � � � � � 
 � � , � � 0 � � � � 
 � � � * � � 
 � � � � � � � � , � � � � � � � � � � � , � � � 
 � = = 
 * � � � 
 � � � � � 
 * � � � � � = � �


 � � � F � 0 � � � � 0 � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � � : � , � � � � 0 � � � � � � � $ G � , � � � 0 � 
 � N 
 � � � � � 
 * �

� � � � = � � 
 � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � M $ ! � � , 0 � � 0 � 
 � � � � , � 
 � � � � � � � 0 $

D � � � � � = 
 � , � � � � = F 
 0 � , � 
 � � * � � 0 � 
 � � � � � � � � � � � � � � � � 
 � � � � � 
 � 
 � � 0 � � + � � � � � � L $ � � � � � 8

� � � � � � � � � � � � 
 � 
 � � 0 � � � � � � 
 , 0 � * � = � � 
 � � � � � � 
 � � � 0 � � 
 , * � � 
 � , � � � � � � 0 � � � � � 0 $ D � �

� � b * � � � F � � � 
 � = 
 � � � : � � ! 
 � � � � ! � � , 0 � * � = � � 
 � � � 0 � � = * � � � 0 $ D � � � : � � � � F � � � � , � � 
 � � � F � 
 �

0 � � � � F � � � � � 
 � 
 � � � � F � � � � � � , � � � � F � � � � � � � � � � � � 
 � 
 � � 0 F 
 0 � , � � 0 � � = * � � � 0 � � + � � � � � � [ $

4 � � � � � � � � � � � 
 � � : � � � � F � � � � , � 
 � N � � F � � � , � , � � � � = � � ! � � � 
 , , 
 � � 0 � ! � 0 � � = � � � � � 
 � 
 � � � �

� : � � � � F � � � � , � � � * � � 
 � � * � � 0 � � � � � � � � � � � � � � � � � � = � $ D � � � F � � � � = � � � 
 � = � � � � = � � � � M � � � 
 �

� � 0 � � , � 0 � � � 
 � � : � � � � F � � � � � � � 0 � � � , 
 � � 0 $

9 : � � � � F � � � � , � � � * , � � � � 0 � � � = 
 � � � , � � � 
 � � � � � � � � F 
 0 � , � � 0 � : � � � � F � � � � � � � � � 
 � � 0 � 0 � �

+ � � � � � � Z $ � � : F � � � � � � , � � � � F � � � � � � � � � � � � > � � � � = � � � � = � � � � M � � � 
 � 0 � � � � � � � � � � � � � � 0 $

+ � 
 � = � 
 � � � � � � � � � � � � � F � � � � � � � � 
 � � � = 
 � � , � � � � ! = 
 � � � , � � � � � � � � � � � 0 � = � � 0 � � � � 
 � � � � � 


� � � : � � , � � , � 0 � � � 
 � � � � � � � � 0 � ! 0 � 
 � � � � � = � � � � � * � � � � � � � � � 0 � � = * � � � 0 � � 0 � � � � , $ D � � � � � � 
 , , 
 � � 0

� ! = 
 � = , * 0 � � � � � F � � N � � � 0 � * � � � � � � 0 � * � * � � � 
 � N � � + � � � � � � � $

NASA/CR—2001-210715 9





� � � � � � 
 �

� � 	 � 	 � 	 � � � � 	 � � � � � � � � 	 � � � � � �

� � � � � � 	 � 	

� � � � � � = � � � � � � � � 0 � � � � , � 0 � � � � � � 
 � � � � F � = � 
 � � � * = � * � � � � 0 � � � � � � � � � � � � � F � = � � � � � F � � �

� � = 
 � � , � � � � � � � � � � � � � 0 $ 4 , � 
 0 
 = * F � � � � 0 � � � � � � F � = � � � � � F � � � � � 
 � � � � , � � 
 � � � � � %

� . � = � � � F � � � , , � = F � � � � � � , � � � � � � � � � , $ D � � � . � = � 
 � � � � � � F � = � � � � � F � 
 � � � � F � = � 
 � = 
 � � =

� � � � � � 
 � 
 � F � � � , � � � � � � � � � � 0 $ L � � � , , ! � � ! = 
 F � � � � � � � � 0 = 
 � � � � � � � � � � � � � 
 * � F � = � � � � � F � �

� � � � � � F � � � � F � 0 � � 
 � 0 � � � � � ! � � � 
 � � � � � � � 
 � � � � , � � 
 � � � � � % � � � � = 
 � � , � � � $

W * F � � 
 * � � � � * = � * � � , � � * 0 � � � 
 � � � = 
 � � , � � � � � � � � � � � = � � � � � 0 
 * � � � � � � � � � F � � � 
 = 
 � � � , � � �

� � � � � 
 � � � � � � � � 
 F � = � 
 � � � * = � * � � � � 0 � � � � � � � � � F � � � $ D � � � � , , 
 ! � � � � , � � � � � * F � � � 
 �

� � � � � � � � � � � 
 � F � � � � � � = � > = � � F � � � � � * � � � � � � � � � 0 � � � � � = � � � � = � � � � � � � = F 
 � � � 
 , 
 � ! $

D � � � 
 , , 
 � � � � � � � , � � � 
 � 0 � . � � � � � � � � � � � � � � � � � � � 
 � F � 0 0 * � � � � � � � � 
 * � � � � � � � 
 � � � � �

� � � � � F � � � �

� $ 	 � M & 1 H � � 0 � � = � � � � � � � � � = , � � � � � � � 
 � F � 0 
 � � 
 , � 0 � > = � � � 
 � � � 0 � � � � � � , � * � � 
 � E \ \ ] + $

E $ � 1 E � H M & 1 H � � � 
 * � 0 � � � , � � 0 � � � � � 0 � � � � � = , � � � � � � � 
 � F 
 � � 
 , � 0 � > = � � � 
 � � � � � � � � � � 8

� � 
 � � * F � � � � � � � 0 � � � � � � � , � * � � 
 � � � [ ] + $

I $ � M & 1 H � � � � � 0 , � 8 , � N � � � , � � � 8 , � N � � � � � � 
 � F 
 � = 
 
 , � � � 0 * � � � � � 
 , � 0 � > = � � � 
 � � � � � � � � � 
 8

� � * F � � � � � � � 0 � � � � � � � , � * � � 
 � \ � \ ] + � � � � 
 * � � � � , , 
 ! � � � � 0 * � � 
 � � E \ ] + � � = � � �

� , , 
 ! � � � � � = � � � � � � � � � � � 
 F � L \ ] + � 
 � � \ ] + $

NASA/CR—2001-210715 11



D � � , � E $ � � @ � � � � � � , + 
 F � 
 � � � � 
 � 
 � � � = 
 � � , � � �

9 , � F � � � + 
 � � � � � 3 � � $ � 5

W � [ I $ [ �

+ � � � $ [ E

@ 
 E $ � �

3 W � � D � 5 [ $ � �

D � \ $ � [

4 , \ $ [ �

+ 
 \ $ I �

+ \ $ \ I L

� \ $ \ \ E

@ � \ $ � E

� � \ $ \ �

P \ $ \ \ L

+ * \ $ \ [

6 \ $ \ \ Z

L � P � , $

L $ � � � M & 1 H � � 0 � � = � � � � � 0 � � � = � � � � � � � � � 
 � F 0 * � � � � = 
 
 , � � � 
 � � � � � � � � � � F � � � � � � � � � �

� I \ ] + � � 0 � \ \ ] + $ % * � � � � = 
 
 , � � � � � � � � � � � = � � � � � � � � � � � 0 � 
 � � = 
 F � � F � , , � � $

[ $ � � M & 1 H � � � � � � � 
 � 0 � , � � � = � � � � � � � � � 
 � F � � � � = 
 
 , � � � 
 � � � � � � � � � � F � � � � � � � � � � � � � � � �

� E \ ] + 8 Z E \ ] + $

� � � � 	 � � � � � � � � � � � 	 � � � � � � � 	 � � � �

� � 
 * � � � � � = 
 � � , � � � � , , 
 ! � � � 
 � � � � � � 0 � � � � � � 
 � F 
 � � : � � * 0 � 0 I � $ � F F � � � � � � , , � � 
 F

� � � � � F � � � � � � � � � � F � � � $ D � � � � � � � � = 
 F � 
 � � � � 
 � 
 � � � � � , , 
 ! � � , � � � � 0 � � D � � , � E $ � $ D � �

F � = � � � � 0 � � F � , � � � � � � � 
 , * � � 
 � � 0 � � � \ I � ] + � � � � � 
 � � 
 � 
 � � � 
 * � � � 0 � � � � � � � = 
 
 , � 0 $

D � � � � � � ! � � � � � � � 0 � � � E \ ] + � � � � � 
 � � 
 � � � � � � � 
 * � � � = 
 
 , � 0 � � [ [ ] + � � 
 * � � 
 Z E \ ] + � � 0

� � , 0 � 
 � � � � � � � 
 * � � � � � � � � � � = 
 
 , � 0 � 
 � 
 
 F � � F � � � � � * � � $

NASA/CR—2001-210715 12



L � � * � � E $ � � j � � � = � , @ � = � 
 � � � � � 
 � � � � 0 � � = 
 � � , � � �

J � , � � � , � � � � � � � � � � � 
 � F � 0 F � � � , , 
 � � � � � ! 
 � � � � � � , , 
 ! � ! � 
 , � � � � � � � � 0 � � = � � � � * � � � �

D * = N � � � � � � � � � � � 3 L [ F , Y + , � E [ F , Y � j � � [ F , Y W j � � � � 0 � [ F , Y L 5 � 
 � � � � � , � � � � � � � �

� � � * = � * � � � � � � � � � � L � � * � � E $ � $ D � � � � � � � � � � * = � * � � = 
 � � � � � � 0 
 � � b * � � : � 0 � � � � � � � � � � � �

� � 4 � D @ � � M � 
 � L 3 � \ � F � � 0 � � F � � � � 5 $ + � � � � 0 � � � � � � = , � � � � � � 
 � � � � � � 0 � � � 
 * � � 
 * � � � �

F � = � 
 � � � * = � * � � $ @ � = � 
 � � � 0 � � � � � � � F � � � * � � 0 � 
 � � f � = N � � L L \ � G 
 = N � � , , + 
 � L [ $

D � � � � F � � � � 
 � � , � = � � 
 � F � = � 
 � = 
 � ! � � 
 � � 0 � > � � 0 � � � � � � � 
 � 
 � � � � � � � = � � � � � � � � � � � � � � � � � � � � 0


 � � � � � � � � 
 � � � � � � � � � � � � � = * , � � � � � � � $ D � � � � � � � 
 � � � � L � � * � � E $ E 3 � � F � , � � � � � � � � � 0 � ! + $

J � , � 
 � � � � � � 0 � ! 6 $ Y 
 � � , , � 9 � � � � � � 0 @ � � � � � , � = � � � = � � � 6 � 
 5 $ D � � � � � = � � � � � � � � � � � � = , � �

� � � � 
 � � � � � � 0 � 
 � � � , � � � , � � � � � � � 
 : � F � � � , ! � \ 8 � [ � F � � , � � � � � $ D � : � * � � � � � , ! � � � 3 � ! @ $

4 � � � , 
 � � � @ � � � � � � , + � � � � = � � � � M � � � 
 � 3 � � � 6 � 
 5 � � 
 � � 0 � � � � � � � � � � � � 
 � � � � � � � � 0 � � � � � 
 � � 8

� � � � � � 
 � $ D � * � � � � � � � � � � � � 0 
 � � � � � � � � 
 � 
 � � � � � � � = � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � : � � = � � 0

� 
 = � * � � � � � � 
 � � 
 � � = � � � � � � 
 � $

� � � � 	 �  	 � 	 � � � � � � 	 � � � � 	 � 	 � � 	 � � 	 � 	 � �

D � � � � � = � � 
 � � � � � � � � � 
 F � 
 � � � � � � ! � � = � , F � = � � � � � F � � � � � 
 = = * � 0 * � � � � � � � , � � � � = 0 � � 
 � F � 8

� � 
 � � � F � � � , , � = F � � � � � � , � $ � � � � � � � � � � � � � F � = � � � � � F � � � � � � 0 � � = 
 � � , � � � � � 0 � � � � � � � � � = 8

� � 
 � � � � � � � � � � � � � � , � � 0 � � � � � � � � 0 F � = � 
 � � � * = � * � � � � � 0 � � = * � � � 0 � � : � $

NASA/CR—2001-210715 13



L � � * � � E $ E � D � � � � F � � � � 
 � 9 , � = � � 
 � @ � = � 
 � = 
 � ! 
 � � � � 0 � � = 
 � � , � � � � � 
 � � � � � � � � � � = � � � � � � � �

4 � , 
 � � � F � � � � � * � � � � , � � � � � � � F 
 � � = 
 F F 
 � F � = � � � � � F 
 � 0 � � 
 � F � � � 
 � $ � , � � 
 = = * � � 
 �

� � � � , � � � 
 � � � � � � � � � � 
 F � = 0 � � � � � ! � � � � � 0 � � � = � � 
 � = , 
 � � � � � 
 � � � � , � � � � 
 � F � : � F * F � � � � �

� � � � � � $ D � � � � � , � � � � � � 0 0 � � � = � � 
 � � 0 � . � � 0 � � � � 0 � � � 
 � � � � = � ! � � � , , 
 � � � � � � = � � � * = � * � � 
 � � � �

F � � � , � � 0 � � � 0 � � � = � � 
 � 
 � � � � � � � , � � 0 , 
 � 0 $

% * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � F 
 � � F � � � � � � , � � : � � � � � � � � � � � � � � = � � 
 � , � � = � , , � 0 � � � � � � � � � 0 � � 8

� � � $ Y � � 0 � � � � � 
 = = * � � 0 * � � 
 � � � � � � = � � 
 � 
 � 0 � � , 
 = � � � 
 � � � � � � � � � = � � � � � � � � � � � � � � � 
 * � 0 � � � � � �


 � 
 � � � � 0 � � , 
 = � � � 
 � � � � 0 � � 
 � � � � � F � � � � � � � � � � 
 � 
 � 0 � � , 
 = � � � 
 � � � , � * � � $ % � � , 
 = � � � 
 � � � � � � 8

� = � � 
 � F � ! � � � * , � � � � � � � � � � , � � � � � � � = � * � � � � � � � � � � � � � = � � 
 � * � � � � � 0 � � 
 � F � � � 
 � $ Y 
 � � � � � �

* � 
 � � � � � � � � , 
 � , 
 � 0 � � � � � � � 0 � � , 
 = � � � 
 � � � � , , � � 
 � � � � � � F 
 � � � � � � , ! � � 0 F � ! = � * � � ! � � , 0 � � �

� 
 
 = = * � � � F * = � , 
 � � � � � � , � � 0 � � � � � � , � � � , � � � � * , � � � � � � � � � P � * � = � � � � � � � . � = � 3 T � � � � � 0

Y * � � � � � � � [ � 5 $

4 � 
 � � � � � F � 
 � � � � � � � = � 
 � � � � � � . � = � � � � � 0 � � � � � � � � � � � 
 � � � � � � � � � � � � � M � $ L 
 � � = 
 � � � �

� � � � � F � � � � � � , � � , � � � � � � � � � � = � � 0 � 
 � � � � � � � � � 
 * � 0 � � � � � $ Y 
 � � � � � � � 
 � � > � � � � � � � F � � � � � � ,

, � N � � � = 
 � � , � � � � � , � � � ! � � � F � � � � � , � 
 � = � � � � � � 0 � � � � � � � � � � � 
 � 
 � � � � � � � � � � = � * � � � � � � � � � �

0 � � , 
 = � � � 
 � � � � � � � = � � 
 � � � � � � F � � � � � � , $ D � � � � � � * , � � � � � � � � � � � � � � � � � � � 0 � � � � � $

NASA/CR—2001-210715 14



� ! � !  � ) � ' � � ) � ' � 3 � � � ' 4 � + � 3 1 � 1 3 � � � 4 � � ' , �  


J � � � � � , , ! � � � � � � � � � � � � � � � � F � � � , � � � � = � � � � � 0 � ! � , 
 � � � � � � � F 
 � � F � � � 
 � 0 � � , 
 = � � � 
 � � $ � �

� � � � = � � � � � � � � � � 0 � � � 0 F � � � � � � , � � � � � � � = � � � � � � � � � � � 0 � � � � � � � 0 � � � 
 * � � 
 * � � � � � � � � � � $ % � � 8

, 
 = � � � 
 � � � � � � � � � � 0 � � � � � � � � � � = � � � � � � � � = � * � � � � 0 � � , 
 = � � � 
 � � � , � * � � $ � � 
 � 0 � � � 
 
 � � � = 
 F �

� � � � � � = � � � � � � � � � � � 0 � � , 
 = � � � 
 � � � � � � � � = , � F � 
 � � � 
 � � � � � � � � � 
 * � � � � � F � � 
 � � 
 � � � � = �

� � b * � � � � 0 0 � � � 
 � � , � � � � � � � � � � � $

- � � � 9 � � U � 9 � 9 � � U & � � �

6 � * , 
 � � � � � � , � � � Z � � � � 
 � � 0 � � � � � � � F � G 
 � � � � � � � � � � � � � � � � � � � � � � � � 0 � � = 
 � � , � � � � � � � �

0 � � = 8 � � � � � 0 � � � 3 % j � � 5 � � � = � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � 0 � , � � 3 3 , � 5 � � � � � � 
 * � 0 � � F 
 � �

� � = N � , � * � � � � , , 
 ! � $ D � � * � � � = � , , � � � 
 � � � � 
 � 0 � � � � � � 
 � � � � � 
 0 ! 8 = � � � � � � 0 � � � � � � 
 � � , 3 � = � 5

� � � � � 0 � � � � � = � 8 = � � � � � � 0 � � � � � � � 
 � � � � L � � * � � E $ I $ D � � ! 
 � � � � � � 0 � � � � � * , , ! � � � � � � � � � � 0

� � 0 0 � � 
 � F � 0 � � F � , � � 
 � � � = 
 � � , � � � � � 
 � � � � � 
 
 F � � 0 � , � � � � � 0 � � F � � � � � * � � � � � : � � � � � � 0

� , � � � � 0 � � 
 � F � � � 
 � � � � 0 � � � � � � , � � F 
 0 � = � � � � = � � � � � � � = 
 � � � = N � , 8 � � � � 0 � * � � � � , , 
 ! � $ D � � !

� 
 � � � � 0 
 * � � � � � � � � � , , 
 ! � : � � � � � � � 
 
 0 � � � � � , � � � � � � � � � � � � � � � � = � ! 
 � � � � = � � F � � � � � * � � � 


� � 
 * � � \ [ ] + � � � � � � � � � � � , 
 � � � E \ � � ! � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � $ 9 : = � , , � � �

� � , 0 � � � , � � ! � � � � � � � � � * � � 0 � 
 � , * � � � � � � � � = � � � � � � � 
 � N � � � � � = � 
 � � � � � � � � � � � � $ D � � ! � 
 * � 0

� � � � � � � � � � � 0 0 � � � � � 
 � � � � 
 � 
 � � � � � � � � � , � � � 0 = � � � � � � � � � � � � � � � 
 F Z [ \ 8 � Z \ ] + � � � � � � F � � � , !

0 * � � 
 � � � � 0 = 
 � � � � � � � � 
 � � � � � � � � � � � � � � 0 � � � � � � , � 
 , * � � 
 � 
 � � � � � � � � � � � � � � � � = 
 � = * � � � � �

� 
 � F � � � 
 � 
 � � � � � , � 
 � � � 
 � � 
 F � � = W � � W � $ W � � � � � � � , � � � � � � � � 
 � F � = 
 � � � � � � , ! � � 0 � � � 0 � � 


� � F � � � � 
 � � � 
 * � � 
 * � � � � = 
 � � � � � � � � � � � � 
 0 $ + 
 � � � � � = ! 
 � � � � � � � = � � � � � � � � � � � � � � � > = � � �

� � = � 
 � � � � � = 
 � � � � � * � � � � 
 � � � � � � � � � � � 
 � � � � � , , 
 ! $

� � � � � 1 & � � � 9 P � 5 U & 9 � � 1 �

4 � � , ! � � � 
 � 0 � � 
 � F � 0 � � F � , � � � � 0 � ; = * , � � � = � * � � � � � = 
 F � � � � � � 
 � 
 � � � � � � � � � � = , � 0 � � � � � ! �

= 
 � � � � � = ! � � � � � � = 
 � � � � � � � � � 0 0 � � , 
 = � � � 
 � � � � � � � = 
 � � � � � � � � � * , � � � � � : � � � F � , ! = 
 F � , � = � � � 0

� , � = � � 
 � F � = � 
 � � � � � � 3 6 � * , 
 � � � � � � , � � � Z � � 5 $ + 
 F � � � � � � 
 � � � � 
 
 F � � F � � � � � * � � = � * � � � � �

� � � � , � � � � � , � � � � � 0 � � � $ D � � � � , � , 
 � 0 � � � � � � , � � � � � 0 � � F � � � � � * � � � � � * , � � � � � � � � � 
 � � � � 
 * �

� , � � � � � = � � � = 
 � > � � 0 � 
 � , � � � � � � � 0 � $ 6 � � = � � � � � � � � � � � � � � � � � � � � � � � � � , � � � � � 0 � � � � , � 


NASA/CR—2001-210715 15



(b)(a)

Nb

Ni

L � � * � � E $ I � 
 � � � = � , , � � � 
 � � � � 
 � 0 � � � � � � 3 � 5 � = � 3 � � � 5 � � � * = � * � � 3 � 5 � = = 3 � � 5 � � � * = � * � �


 � � � � � � 0 0 * � � � � � � � � � , � 0 � � 
 � F � � � 
 � $

j � , � N � � � , � � � � L � 
 � � � � � � 0 � � � � � � � = � � � � � � � � � = , � � � � 
 0 * = � � � � � � � � 
 � � , 0 � � � 
 � � � 
 � 
 � � � �

F � � � � : � � � � � � � = � > = � � � � � � � � 
 � � � � = � � � � = 
 � � � 
 , , � 0 � ! � � � � � � , � = � � � 
 � 
 � � � � � � � 0 * � � � �

� � � � � $ D 
 � � � � 
 � � 
 � 0 � � � � � � � � � � � � � � � � � � � 
 F � � � � � � 
 0 � � � , � = � 0 � . � � � � � , ! � � 0 � . � � � � �

0 � � � = � � 
 � � $ 4 , � 
 � 0 � � , 
 = � � � 
 � F 
 � � F � � � � 
 � � � � 
 � � 
 � 0 � � � � 0 � . � � � � � � � � � � � � � 
 � � � � � � 0 � . � � � � � $

Y � � = � 
 � 0 � � � � � � � � � � � � � � � � � � = 
 F � , � : � � � � � � , � ! � � � � � � � � � � � � � � � � � : � � � P * � � � � � � � = � 
 � 
 �

0 � � , 
 = � � � 
 � � � � 0 � � � � � � � � � � � � � � � � � � � � � � F � = � 
 � � � * = � * � � $ 4 � � � � � � � F � � � � � � , * � 0 � � � � � � � , �

� � 0 = 
 F � � � � � � � � , 
 � 0 � � * � � � � � � � � 
 � � � � � � = � � � � � � 
 � F � � � 
 � 
 � � � � � � � = * , � � � � � � � � � 
 � % j � � $

D � � � � � � * , � � � � � � � � 
 � � � � F � � � � � � , � � � � � � � 0 * � 0 � � � � � � � , � , 
 � 0 � � 0 � � � � N � � F � � � � � � , � � � �

� � � 0 * � 0 � � = 
 F � � � � � � � � , 
 � 0 $ D � � � � * � � � � � � � � � � 0 � . � � � � � � � � � � � � � 
 � � � � � � � � � � = � 0 � . � � � � � , !

� � � � � � � � � � , � � 0 � � � � � � > � , 0 � � 0 � � � � = 
 * , 0 � � � � 
 � � � � , � = � * � � 
 � � � � � % $

� � � , � � 
 � � � 0 � � = � � � � � 
 * � 0 � 
 � � � � � = N � � � � � * , � F 
 0 � 
 � � � � � � � F 
 � � 
 � 
 � 0 � � , 
 = � � � 
 � � � � � �

� � � F � 0 � 
 = � * � � � � � � � 3 j � , � N � � � , � � � � L � 5 $ � F � , , � � � � � � � = , � � � M � � � � � * , � � � 0 � � , 
 = � � � 
 � � � � � � �

� � � � � � � 0 � � b * � 0 � * � , � � � � � � � � � � � � � � � � � � � � $ � � � , � � � � , 
 � � � � � � � � � ! F 
 0 � 
 � 0 � � 
 � F � 8

� � 
 � � � � � � F 
 � � 
 � 
 � 0 � � , 
 = � � � 
 � b * � 0 � * � , � � � � � � � = 
 F � � � � � 
 � � � � � � : � � � � F � � � � , 0 � � � 
 �

� � = � � � � � � � = � � � � = � , � � � 
 , � � 0 � � � � � � � � � � � 3 + G � � 5 � 
 � � � � � 
 � � � 0 � 0 � � 
 � F � � � 
 � � ! F 
 � � 
 � 
 �

0 � � , 
 = � � � 
 � � � � � � $ L 
 � � � � � � � � � � 
 � � � � � � � � � , � � � � � � � � , � 
 � 0 � � � � � * � � � � � � � � � � � � � � F 
 � � 
 � 
 �

0 � � , 
 = � � � 
 � � � � � � � � � � = � � � , 
 � � � � = , � � � 
 � � � � � � � � � � � � � � 
 � � � � 
 � 0 � � � 0 � � � � � = , � � � � � � � � � * �

NASA/CR—2001-210715 16



� � � � � � � � � � � = 
 � � � � � = ! � � � � � � > � , 0 � $ Y � � = � � � = 
 � � � � � = ! � � � � � � � � � � � � � � � � F � F 
 � � � � 
 � � � , �

� � � � 
 � 0 � � � � � � � � � � � � � � � $ 4 , � 
 � � � � � � F � � � � � * � � 0 � � � � 0 � � = � 
 � + G � � � � � � � � � � � � � 0 � = � � 0

� ! = 
 � � � � � = ! � � � � � � � � � � � � � F 
 0 � , $ 4 � 
 � � � � , � � 
 , � 
 � � � � � � � � � � � F � ! � � � 
 � � � � � � � 0 � 8

� 
 � F � � � 
 � � ! � � � = N � � � � � * , � F 
 0 � 
 � � � � � � $ Y � � = � � � : � � � F � , ! � � � � , � F � = � 
 � � � * = � * � � � = � � � �


 � � � � � � 0 � ! � 
 � F � � � 
 � 
 � = 
 F � 
 * � 0 � � � 8 � � � � � = � � � � � � � � � � � � = , � � $

- 1 & * * & 9 = � & � � � � � � � � 1 & � � � 9 � � � 5 � �

4 F 
 � � � � 
 � � � � F � = � � � � � F � � � � � = 
 � � , � � � � � � � � 
 � � � � � , � � ! 
 � � � � � � � � � 
 � 0 � � � 0 � � � = � � � � � � � �

� ! 0 � � 
 � F � � � 
 � � � � � � � � � � � 0 � � = * � � � 0 � ! � * � 0 � � � � � F � � � � � , � � � � � � � 
 � � 
 
 F � � F � � � � � * � �

0 � � 
 � F � � � 
 � $ + � � = * , � � 0 � � , 
 = � � � 
 � , 
 
 � � � � � � � 
 * � 0 � � � � � � � � 0 � , � � � � � * F � � � 
 � 0 � � , 
 = � � � 
 �

� � � � � � � � � � 
 * � 0 � � � � � � � � � � � � � � � � F � , � � 0 � � 
 � F � 0 � 
 E � � � � � � � $ � 
 F � 0 � � , 
 = � � � 
 � � � � � �


 � � � � � � 0 � 
 � � , � � * � � � � 
 � � � � � � , 0 � � , 
 = � � � 
 � � 
 � � � � � � � � � � � � � � � = � � � � � � � � $ j . � � � � � 
 0 * = � 0


 � � � � � � � � � = , � � 0 * � � 
 � � � � � � � � � � 
 � � � � 0 � � 
 � F � � � 
 � � � � 0 � � � 0 � = � � � � � � � � � � � � � � � � = � � � � � � �

� � � � 
 � � = 
 � � � � � F * , � � 8 , � ! � � � 0 � � � = N � � � � � * , � � $ 4 , � 
 
 � � � � � � 0 � � � � � � 
 � � � � 
 � 0 � � 
 � F � � � 
 �

� � � 0 � � , ! � � � 
 � � � 
 0 � . � � � � � � � � � � � , � � � � � � � � � � � $

L 
 � , � � � � � � � � � � � 3 � � � 5 � � * � 0 � � � � � F � � � � � , � � � � � � 
 � � � � � � 0 � � F � , � � 0 � � 
 � F � � � 
 � � � � 0 � � �

� � � F � � � � � � , $ � � � 0 0 � � � 
 � � � � � � � � � � � = � 
 � 0 � � 
 � F � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � 0 � $

D � � � 
 � � � � � � � � � b * � � � 0 � 
 � 0 � � 
 � F � � � 
 � � � � � � � � � � � , � � � � � � � � � � � � � b * � � � 0 � 
 � � � � = � � � � � � �

� ! � � � � � � � � � 0 � � � = � � � � � � � � � � � � � � 
 � � 0 $ % � � 
 � F � � � 
 � 
 � � � F � , � � � � � 0 � 
 � , 
 � � � � � � � � 
 0 �

� � � * , � � � � � � = 
 � � � � � � � � = � � � � � � � � � � 
 � � 0 � � � � � � � � � � � � � � � = , � � � � 0 � � � � � � � � , ! � � � � F � � � � 0

� � � 
 � , � = � � � , 
 � � � � � � � � , � � � � $ % � � 
 � F � � � 
 � � � � � � � � � 
 � � � � � � � = � � � � � � � � = 
 � � � � � � � 
 � 0 � �

� � � � � � � � � � � � � � � � 0 � � � � � = � � � � F � � � � : 8 � � � = � � � � � � � , � � � � = � = 
 � � � � � 
 � 0 � � = � � 
 � � � � � � � � � � 0

� � � � 
 � � � � � � � � � F � � � � � � � � 
 � � � � � � � � 8 � � � � � � � � 
 � � $ � 
 F � F � � � � : � � � � � � � F � � � � � � � � � � � 0

� 
 � � 
 � � � � � � � � � 
 * � � � � � � � � � � � � = � � � � � � � � $ j . � � � � = � * � � 0 � ! � � � 0 � � 
 � F � � � 
 � � � � � � � � �

, � � 0 � � 
 � 
 � � � � 
 � 
 � � � � F � = � 
 � = 
 � � = � � � � � � � � � , � � � $ 9 � = � � � � = � � � � � � � � � � � � � � � � � � � 
 = � � � � 0

� � � � � � � � 
 � � 0 � � � � 8 � , � � � 3 
 � � � � � ! � � � � � � � 5 � � � � � � , � = � � 
 � 
 � � � � = � � � � � � � * F � � , ! 0 � = � � � � 0

� ! � � � � � , � � � � � 
 � � � � � � � � 
 � 
 � � � � � � � � � � � : � � $ 4 � � � � � 0 � � 
 � F � � � 
 � � � � � � � � � � � � 
 � � � � � � �

� � F � , � � � � � � � � � ! > � � � � M � 0 � � � � � � = � � � � � � � � $

NASA/CR—2001-210715 17



� � � 7 � & � = � 9 � 9 �

D � � � 
 � N � � � 0 � � � � � � � � � � � � � � = � � � � � � � � � � 0 � � � 0 � , , 
 ! � � � � � � � , , ! � � = � � � � � � � � � * � � , ! � � � � �

� � � = � � � � � � � � � M � � � 
 � � � � ! 
 � 0 � = � � � � � � = � � � � = � , � � , * � 3 � * � 0 � � � � � F � � � � � , � � � � � � 5 $ D � � �

� . � = � � � � � � � � � * � � 0 � 
 � � � � � � � � � � � 
 � � � 
 F � � � = � � � � � � � � � � � � � � � � 
 � � � � � � = � � � � � � � � ! � � � � � � �

F � = � � � � � F � � � � F � � � � � � � � � 0 � � 
 � F � � � 
 � � � � * , � � � � � � � � = = * F * , � � � 
 � 
 � 0 � � , 
 = � � � 
 � � � � � � �

� � = � � � � ! 
 � � � � � 
 � 8 0 � � 
 � F � � , � � � � = � � � � � � � � $ � � � � = 
 � � , � � � � � 
 � � � � � � � 0 � 
 � � � � � � � 
 � N

� � � 0 � � � � � � � � � � � 
 � � � � � � 0 � � � � � � � � � � = � � � � � � � � � 0 � * � � � � � � � � � � � � � � � \ � F $ D � � � � � � 
 � � , !

� * � � � � � � � � � � � � � = � � � � � � � � ! � � � � � � � F � = � � � � � F � � , � N � j � 
 � � � � � � � � 
 � � = � � � � $ D � � � � � � � � �


 � � � � � � � � � 
 * � � � � � � � � = � � � � � � � � � � � � = , � � � ! 0 � � 
 � F � � � 
 � � � � � � � � � 0 
 � � � 
 � � � = � � � � � � � �

0 � � , 
 = � � � 
 � 0 � � � � � ! � 
 � � ! � � � � � > = � � � � : � � � � � � 0 = 
 � � � b * � � � , ! � � � � 0 � � 
 � F � � � 
 � F � = � � � � � F

� � � 
 � � : � � = � � 0 � 
 � � = � � � � � � � � � 
 � N � � � 0 � � � � � � � � � $ D � � � � � � � � � � b * � � � 0 � 
 � * = , � � � � 0 � � 
 � 8

F � � � 
 � � � � � � � � � � � � � � = � � � � � � � � � � � � = , � � � � , � � � � � � � � � � � � � � � b * � � � 0 � 
 � � � � � � 
 � � � 
 � � * = �

� � � � � $ D � * � � � * = , � � � � 
 � � � � F F � 0 � � � � , ! � 
 , , 
 � � 0 � ! � � � ! � � 
 � � � � � � 
 � 
 � 0 � � 
 � F � � � 
 � � � � � �

� = � 
 � � � � � � � � = � � � � � � � � $ D � � � � � � � � � 0 
 � � � � � � 
 � N � � � 0 � � � � � � � � � � � � � � � � = � � � � � � � � � M � � �

� � � � � � � � � � � � \ � F $

� � � 5 � � � - � � & � 9 � & � � & 9 = $ � 1 � � � & � � � �

D � � � . � = � 
 � � � � � � � � � � � � � 0 � � F � � � � � * � � 
 � � � � � � � � F 
 8 F � = � � � � = � , � � � � � � 
 � 
 � � � = 
 � � ,

� � � � � � � � � � � � � � � � � 0 � ! � � 
 * � � � , � � � � I � � 
 * � 0 � � � � � � 0 � � � � � , � � � 
 � � � � � � � � � � � � � � � � 0 ! 8

� � F � = � � � � 
 � � � � 
 � � � 
 = � � � � � 0 � � � � 
 � � � � � � � 8 � � � � � � = * � � � � $ 4 , � 
 � = � � � � � � 
 � F � = � 
 � � � * = � * � �

� � � 
 = � � � � 0 � � � � 0 � . � � � � � 0 � � � � � � 
 � � � 0 * = � � 
 � 0 * � � � � = 
 F � � � � � � 
 � � � 
 = � � � � � � � � � � � � � � � � � 8

� � � � 0 $ � � * 0 ! 
 � � � � � � � 8 � � � � � � � � � � 
 � � � � � 
 � � � � � � � � � � � N � � � � � � � � � � , 
 � � � � � F � � � � � * � � � $

D � � � 
 � � � � � � � � � F � , 0 , ! � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � \ $ � 8 \ $ \ [ � � � �
�

� � * � � � � � � � � � � � � � � � !

� � = � � � � � � � � � � � � F � � � � � * � � $ % ! � � F � = � � = 
 � � � ! � � 0 0 ! � � F � = � � = � ! � � � , , � M � � � 
 � � � � 
 � � � � � � 0

� � � � � F � = � 
 � � � * = � * � � � � � 
 * � � 
 * � � � � � � � � � 
 � � � � � : � � � � F � � � � $ W * = , � � � � 
 � 
 � 0 ! � � F � = � , , !

� � = � ! � � � , , � M � 0 � � � � � � 
 = = * � � � � � � � � � � � = 
 � � � � � 
 � 0 � � � � 
 � � � N � � � � � � 3 � � � � � � � 0 � 
 � � � � � N

� � � � � � 5 � � 0 � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! � � � � � 0 � � 
 � F � 0 � � � � 
 � � � = 
 � � � 0 � � � � , � � � � � � � � � � � � � $

D � � � � � = � � 
 � 
 � � � � � � = � ! � � � , , � M � 0 � � � � � � � � = � � � � � � � � � � � � F � � � � � * � � $ 6 � � � � � � � 0 � * = , � � � � 
 �

� � � � � � 
 � � � � � � = � ! � � � , , � M � 0 � � � � � � � � � � � � � � � � � � � 0 � � � � � � 
 * � 0 � � � � � $ % ! � � F � = � � = 
 � � � ! � �

� � , 
 � � � 
 = � � � � � 0 � � � = � � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! = � � � � = � � � � � = 
 � � � 0 � � � � , ! � � � 
 � � 0 ! � � F � =

NASA/CR—2001-210715 18



� � = � ! � � � , , � M � � � 
 � � � � � � � � � � � � � � � N � � � � � � $

4 = � � � � = � , 0 � � , 
 = � � � 
 � 0 � � � � � ! � � � � = � 0 � � � � 0 � 
 � � � � = 
 � 0 � � � 
 � 
 � 0 � � 
 � F � � � 
 � � F * � � � �

� : = � � 0 � 0 � � � 
 � � � � = � ! � � � , , � M � � � 
 � = � � � � 
 = � � 0 $ 4 � � � = � � � � � � � � � F � � � � � * � � , � � 0 � � 
 � �

� � = � � � � � � � � � � � � � 
 * � 0 � � ! F 
 � � , � � ! � � 0 � 0 � = � � � � � � � � � � = � � � � = � , 0 � � , 
 = � � � 
 � 0 � � � � � ! � 
 �

0 ! � � F � = � � = � ! � � � , , � M � � � 
 � � � � � = � � � � * � � � � � * , � � � � � 0 � = � � � � � � � � � � N � � � � � � $ D � � � � � � � �

� � � � � � � � � � 
 � � 
 � � � � � . � = � $ D � � � � � = � � 
 � 
 � 0 ! � � F � = � , , ! � � = � ! � � � , , � M � 0 � � � � � � � � = � � � � � � � � � �

� � F � � � � � * � � � � � 0 � � � � * , , ! � � = � ! � � � , , � M � 0 F � = � 
 � � � * = � * � � � � 
 � � � � � � 0 � � � � F � � � � � * � � � � � � � � � �

� � � � � \ [ \ ] + � � 0 � � � � � � � 
 � � � 
 * � 0 \ $ � $ P � ! 
 � 0 � � � � � � � N � � � � � � � F 
 � � 0 � � , 
 = � � � 
 � � � � �

� � � � � � � � 0 � � � = � � � � 0 � � � � � � � 
 � = � � 
 � � * � � � � � � * = , � � � � 
 � � � 0 � � � � � � � 
 � � � $

� ! � ! � & ' 4 � + � 3 1 � 1 � + � 1 3 � � � ) � ' � � ) � � 3 � ' � ' � ) 3 + , � � ' 4 )

� � � � � � , � ! � 
 � � � � � � � � � � � � 
 � 
 � � 0 � 
 � : � , � � � � � � � � � � � � � � 0 � . � � � � � � � , 3 � % 5 � . � = � $ D � � � �

� � = , * 0 � F � = � 
 = � � = N � � � � � � � � 0 * � , � � � � � � � � � � � � � � � � , P � * � = � � � � � � � . � = � � � � � � � = , � 8 0 � � , 
 = � � � 
 � � � 8

� � � � = � � 
 � � � � � 0 � 
 , * F � � : � � � � � 
 � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � $ � � � � � � � � = � � 
 � � � � � � � � � � � 
 � !


 � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � 0 $ + 
 F � � � � � � � � 0 = 
 � � � , � � � � � � � � � � � � � � � � � 0 � � 
 � F � � � 
 �

F � = � � � � � F � � � � � = 
 � � , � � � � � � � � � � F � � = � � � � F � 0 � � 
 b * � , � � � � � � � , ! � � � � � � � � � � � F 
 � �

� � 
 � � � , � = � * � � 
 � � � � � % $

 � * � 1 � � , � & 9 � � � 9 � / � � � U � � � �

3 � � , � � � � 0 � 
 � � � � � � Z � � � � � � � F 
 � � � � � > � � � � 
 
 � � � � � � � % � � F � � � � � � � � � = � � � � , � $ D � � ! � 
 * � 0

� � � � * � � � F � � � � 0 = � � � 
 � F � � � � � � � � � � � � � � � � > = � � � , ! � � � 
 � � � � � � = 
 F � � � � � � 
 � � � � � � � � � � � � 
 � $

D � � � % � . � = � � � � � � � � 0 � 
 � � = � � � � � � � � � � � = � � � � � � � = � � � 
 � = 
 � � � � � $ G � 0 = , � . � � � 0 3 � � , � �

� � � Z � � � � � � � � � > � � � � 
 � � � � � � * � � � % � . � = � � 
 � 
 , * F � � : � � � � � 
 � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � �

� � � = � � 
 * , 0 � � � 
 � � � � = � , , ! , � � 0 � 
 , � � � � � � � � � � � � � = 
 F � � � � � � 
 � � � � � � � � � � � � 
 � $ D � � � 
 , * F �

� : � � � � � 
 � � ! � 
 � � � � � � � � � , � 
 � * � � 
 � � � 0 � ! % � * = N � � � � � � I � � 
 � � , � � � � = � � � 0 � � � � * , � � F � 0 � � $

� � � 
 F � = � � � � � � � � . � = � 
 � � ! 0 � 
 � � � � � = � � � � � � � � � 
 = � * � � � � � � = � � � � � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! �

� � � = � = � � � � � * , � � � � � � F � � � � � � 
 , * F � � : � � � � � 
 � $ Y 
 � � � � � � � 
 F � � ! 0 � 
 � � � � � = � � � � � * � � 0 � 8

� � � 0 � � � F � � � � � � , � 0 
 � 
 � � : � � � � � � � � � F � � � � � � 
 , * F � = � � � � � 0 * � � � � 0 � � 
 � F � � � 
 � $ � � � � M � �

� � � , � � � � [ � � � � � � � � 
 � � � 0 � � � � � � � ! � � , 0 � � � � � � � � 
 � b * � � = � � 0 4 � � � L I � \ � � 0 L I I \ � � � � , �

NASA/CR—2001-210715 19



� � = � � � � � � � � � � , ! � � � 
 � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � � � � � = � � � � � � � � ! 0 � 
 � � � � � = � � � � � * � � $ L * � 8

� � � � F 
 � � � � � � ! 0 � � � = � � 0 � � � � F � � � � � � 
 , * F � = � � � � � � � 
 � 
 � � � 
 � � , � 
 � � � , � � � � = � � � � � � $ D � � !

� * � � � � � � 0 � � � � � � � = � � � � � � � � 
 , * F � � � 0 * � � 
 � , � � � � � � = � � � � � � � � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! $

+ 
 � � � b * � � � , ! � � % 
 � Z � � � 
 � � � � � � 0 � 
 � � 
 � � � � � � , � � � � � = � � � F � � � � 0 = 
 � � � � � � � � � � � � = � � � � �

� � � � � , � � � � = � � � � � � � � 0 � ! 0 � 
 � � � � � = � � � � � * � � $ D � � ! � � 
 � 
 � � 0 � F 
 0 � > � 0 ! � � , 0 � * � = � � 
 � � 


� = = 
 * � � � 
 � � � � � � % 3 � � � � b * � � � 
 � I $ L I 5 $

� � � 5 � � � � & � � � � � * � 5 & � � � 9 B 9 � � � & 5 � � � 9

G � * = � � � � � [ � � � � = * , � � � 0 � � � � � � � � � � > = � � � � � � � � � � � 
 � 
 � 0 � � , 
 = � � � 
 � � � 
 * , 0 , � � 0 � 
 � � 
 , * F �

= � � � � � � � � � � = � � , , ! � � � � � 0 F � � � � � � , � � � � � � � � � 8 � : � � � � � � 0 � � , 
 = � � � 
 � � � � � � F F 
 � � , � M � 0 � !

� � � = � � � � � � � � $ Y 
 � � � � � � � � � � � � : � � � � F � � � � , � � � * , � � � 
 � � � F � � � � 0 4 � � � L I � \ � L I E \ � � 0 L I I \

� � � � , � 0 � � � � � � � $ W 
 � � � 0 � � = � 
 � � � � F � � � � � � 
 , * F � � : � � � � � 
 � � � � 
 � � � � � � 0 $ � % � � � � � � � 0

� 
 � � = � � � � � � � � � 0 � = � � � � � � � � � F � � � � � * � � $

G � * = � � � � , � � � � [ � � 
 � � � 
 * � � � � � � � 
 * � � � � � � � � � � � , 0 � � � � � ! 0 � = � � � � � 3 � 
 , * F � � � = � � � � � 5

� � � � 8 b * � � = � � 0 4 � � � L I � \ � L I E \ � � � 0 L I I \ � � � � , � = � � � � � � � � � � * � � 0 � 
 � � � � � � 
 � F � � � 
 � 
 �

� � � � � � � 0 � * � � � � � � � � � � � � � � � 
 � 0 � � � � � ! = � � � � � = 
 � � � � * � � � 
 � � � � � � � � � � � � , � � � � � � � � � � � $

D � * � � % � � , � � � � � � � � � � � = � � � � � � � � � � � : � , � � � � 0 � ! � � = � � � � � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! 0 * � � � �

� 
 � $ 4 = = 
 � 0 � � � � 
 � � � F � � � � � 
 , * F � � : � � � � � 
 � � ! � 
 � � � � � � � � � � 
 � � � � � � , � : � , � � � � � 
 � � 
 � � %

� . � = � $ 6 � � � � � � 
 � � � � � � � 
 � F � � � 
 � 0 � � , 
 = � � � 
 � � � ! = � � � 
 � � � 0 � � � � 0 F 
 � � , � M � � � 
 � 
 � � � � , !

= � � � � � 0 0 � � , 
 = � � � 
 � � � � � * , � � � � 
 , * F � � � = � � � � � 0 * � � � � 0 � � 
 � F � � � 
 � $ D � � � � � = 
 � � � � � � � � � � � �

� 
 � % � . � = � � � * � � � � 0 F � � � � � � � � � � � , � � � � � = � � � � � � 
 � � � = � � � � � � � � $ 4 , , � � � � � 
 � � � � � 


� ! 0 � 
 � � � � � = � � � � � � 0 � � � � 0 � � = � 
 � ! � � , 0 � � 0 � 
 � � � F � � � � � � � � � = � � � � , � $

� � 9 * � 9 � & � � * & � � � 5 B 9 � � � & 5 � � � 9 � / � � � U � � � �

4 � 
 � � � � � � � 
 � ! � 
 � � � � � % � . � = � � � � � � 
 � 
 � � 0 � ! Y � � � � � � 0 + 
 � � � � � � � \ � $ D � � ! � * , � 0


 * � � 3 � 5 F � = � 
 = � � = N � � � � = � * � � * , � � � > � � � � � � � � 0 F � � � � � � � � � = � � � � , � � � � � � � � � � = � 0 � � � = � * � �

� 
 * � � � � � � � � � � � � � � � � � � � � 
 F � = � 
 = � � = N � � � � � � 0 ! � � � : � � � � � � % i 3 E 5 � � � � 0 * � , � � � � � � � � � � � 8

= � * � � � � � * ; = � � � � , ! � � � � � � � � � � � � � � � � 0 * � , � � � � � � � � � � � 
 � � � = 
 F � � � 0 ! � � � � � � % � � � � � � � � i

3 I 5 � � � � � � � 0 � * � � � � � � � i � � 0 3 L 5 � � � � � � � , P � * � = � � � � � � � . � = � � � � = � * � � 
 � � � � 0 
 F � � � � � � � � �

NASA/CR—2001-210715 20




 � � � � � � � � 
 � 
 � � � � F � � � � � � � � � � , � � � � $ D � � ! � � � � � � * � � � � � � % � . � = � � 
 � � � � 
 , * � � 8 0 � � , 
 = � � � 
 �

� � � � � � = � � 
 � $ D � � � � � � � � � � 
 � � � � 0 � � , 
 = � � � 
 � � � � F � � � � � � � � � � � � � � � � � � � � � , = � � � 
 � � � 
 F � �

� � � * � � = � 0 � ! � � � � 
 � F � , � � � � � � � = � 
 � � � � � � , � 0 � � , � � � � � � � � � � � = � � � � � 0 � ! = 
 F � � � � � � 
 � � � 0

0 � = � � � � � 0 � ! � � � � � 
 � $ � � � � � � 0 � � � 
 � � � 
 � 
 � � � � � � 
 � , � � � � = � � � 
 * � 0 � � � � � � � � � � � � � � , = � � � 
 �

� � 
 F , � � 0 � � 
 , 
 = � , � , � � � � = � � � � � � � � � � � � � = 
 F � � 
 � 8 , � � � � � $ D � � � � � � � � � � � , ! � , � � � � � � � � � 
 F � =

� 
 � = � 8 0 � � � , � = � F � � � � � , � � � 
 � � � � � � � * = � � � � � � � � ! � � � 0 � . � � � � � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � $

D � � � � ! � 
 � � � � � � � * � � � � � � � � � � � � � � � � > = � � � � 
 � � � 
 � 
 � � � � � % � � � � 
 F � � 
 � F � ! � � 0 * � � 


� 
 � , � � � � � � , � � � � = � � � � � � = � � 
 � � $ D � � ! � � � � � � , � � 
 � = = 
 * � � � 
 � � � % 
 � * � � 
 I 8 Z � * � � � � � � � �

� ! � 
 � � � � � � � � F � � � � � � � � � = � � � � , � $

T � , � � � � � 0 + 
 � � � � � � Z � � � * � � � � � � � � � 0 � � � , � = � F � � � 
 � � � 
 � � � 
 F � � � � � 
 , � � � � � � � � � � � 
 = � � � � 0

� , � � � � = � � � � � � � � � � � 
 � , � � � � � � � 0 � � � � � � � � � � � � � � , 8 0 � � , 
 = � � � 
 � � � � 0 � � � � � � � � ! � � = 
 F � � � � � � � � �

� � = 
 F � � � � � � 
 � � � � � � � � � � � � 
 � $ + 
 � � � � � = ! � � � � � � � � � 
 * � 0 � � � � � � = � � � � � � � 0 � � � � � = , � � � � � * , �

� � � � � � � � � 0 � � , 
 = � � � 
 � � � � � � � = � � 
 � * � 0 � � = 
 F � � � � � � 
 � � � � � * � 0 � � � � � � � 
 � $ D � � � � * � � � � � � 
 �

� � � * � � 
 � � � 0 � ! + � � � � � � � � I � � � � 
 � � � � � 0 � � � � � � � � � � � * F � , , 
 ! � � � � � � � � � 0 = 
 � 0 � � � 
 � � � 0

� 
 * � 0 � � � � = 
 � � � � � � � � � = � � � � � � � 
 � = 
 � � � � � * � � � � 
 � � � � � � � � 0 � . � � � � � � � , � . � = � $ D � 
 
 � � � � � �

� , , 
 ! � � � � � � : � � � � � � 0 , � � � � � % � � 
 � � � � � � 0 = 
 � � � � � �
� �

� � � � � � � � � � , � 
 � � � , , 
 ! � � 
 � � 0 � � � !

� F � , , � % 0 * � � 

�

� � � � � � � � � � � � � � � 
 � = 
 � � � � � � $ + � � � � � � � � � � * � � 0 � � � � % � . � = � � � � � � = � , , 
 !

� 
 � 
 � F � � � 
 � 
 � 0 � � 
 � F � � � 
 � � � � � � � � � � = � � � F 
 � � 0 � ; = * , � � � = 
 F � � � � � � 
 � � � � � � � � � � � � 
 � $

� � F � , � � � � � * , � � � � � � � � � � * F � , , 
 ! � � � � � � � 
 � � � 0 � ! � � � � � 
 � � � � � , � � � � I � $ D � � � % � . � = � � �

F * = � � F � , , � � � � � , , 
 ! � � � � � � = � � � � � � � = � � � � � � � � � � � � 
 � = 
 � � � � � � � � � � � � � F � � � � : $

6 � F � � , , 
 � � � , � � � � E � � 0 0 � 
 � � � � � � 
 � ! 
 � Y � � � � � � 0 + 
 � � � � � � � \ � � ! � * � � � � � � � � � � � � � � �

� 
 � , � � � � � � , � � � � = � � � � � � 
 � , � � 0 � � 
 � = � � � � � � � � , � � � � = F 
 0 * , � � � � * ; = � � � � , ! , � � � � � , � � � � =

� � � � � � � $ D � � = � � � � � 
 = = * � � � * = � � � � � � � � � , � � � � = F 
 0 * , * � 0 � = � � � � � � � � � � � � � 
 � � � 0 � � = � � � � � �

� � = 
 F � � � � � � 
 � $ 4 � � � � � * , � � � � � � � � � � � � , � � � � � � � � � � = � 0 � � � � 0 � 
 � � � � � � � � � � = � � 
 � � � � � � � �

� � � , 
 � � � � � � � � � � � � � > � , 0 � 
 � � � � 0 � � , 
 = � � � 
 � � � � 0 � � � � 
 � � � � � � � = � � � � � � � � � 0 � = � � � � � � � �

� � � � � 
 � � � 0 � � = � � � � � � � � = 
 F � � � � � � 
 � � � � 0 � � � � = � * � � � � � % $ D � � � � � � 
 � ! � : � , � � � � � � � � . � = �


 � = � � � 
 � = 
 � = � � � � � � � 
 � � � 0 0 � � , 
 = � � � 
 � 0 � � � � � ! � 
 � F � � � � � � � � � = � � � � , � $ 4 , � 
 � � � � : � , � � � � � � �

� � = � � � � � � � � % � � , 
 � � � F � � � � � * � � � $ � � � � � , � 
 = 
 � � � � � � � � � � � � � � � 
 � � � � � � � � 
 � 
 � G � * = �

� � 0 3 � � , � � � � � � E � � � � 
 � � � 
 � � � 0 � � � � � � � � , � � � � = F 
 0 * , * � 
 � F � � � � � � � � � = 4 � � � L I E \ � � � � , � � �

= 
 � � � � � � � � , ! � 8 I $ [ � , � � � � � � � � � � 
 � � � � � � � = 
 F � � � � � � 
 � $

NASA/CR—2001-210715 21



J � , � � � , � � � � � � � 
 � � � � � � 0 � � � � = � � � � � � � � � � � � � � � � � 
 * � � � � . � � � � 
 � � � � 0 � � = 
 � � , � � � � � = 
 F 8

� � � � � � 
 � $ D � � ! � � � = * , � � � 0 � � � � � � � � H � * , � ! * ! # = 
 * , 0 � � � � � 
 = � � � � 0 � � � � � 
 � , � � � � � � � � � � � = � � 
 �

� � � � � � � � � � = � � � � � � � � � � 0 0 � � , 
 = � � � 
 � � $ Y 
 � � � � � � � � � . � � � � � � � � � 
 � 
 � � � � � � 0 � � � � � � � 
 � $

� � � 5 � � � B 9 � � � � & 5 � � � 5 � U � � � � 9

j , � � � � � 0 4 � � � , , � � � Z � � � � 
 � 
 � � 0 � 0 � . � � � � � � � � 
 � ! � 
 � � � � � % � . � = � � � � � 
 � � � � � � , , 
 ! � $ D % 8

W � = N � , � � � � E � � ! � 
 , * F � 0 � � � � � � � 
 � 
 � � � � � � � = � , D � j � � � � � � = , � � � � � � � 0 � � � 
 
 F � � F � � � � � * � �

� � 
 � � 0 � \ $ E � 
 . � � � ! � � , 0 � � � � � � � � � � � � � � � I \ � � � � � � � � � = 
 F � � � � � � 
 � � � � � � � � � � � � 
 � $

D � � 0 � � , 
 = � � � 
 � � � ! � � � � � 0 � � � D � j � � � � � � = , � � � 
 � � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � 0 � � � = �

� � � 
 � � � � = � * � � 
 � � % $ D � � ! � * � � � � � � 0 � � � � � 
 � 0 � � 
 � F � � � � � � � � � � = , � F � � � � : � � � � � � � = � � � �

� � � * , � 
 � � � � � � � � = � 0 � = 
 � � � � 
 � 0 * � � � � � � � � � , � , 
 � 0 � � � � � � 
 � � 
 ! � � , 0 � � � $ � � � � � � � = � 0 � = 
 � � � � 
 �

� � � � � � � � � * � , 0 8 * � 
 � � � � � 0 * � , 0 � � , 
 = � � � 
 � , 
 
 � � � � 0 � � � � � � � � � � � � � � � 
 � � � � � � = , � � � � � � F � � � � � �

� � * ; = � � � � � F 
 * � � 
 � 0 � � , 
 = � � � 
 � � � 
 � 
 � � � � � � � � � � � � � = , � � � 
 � � � � F � = � 
 ! � � , 0 � � � � � , 
 � � �

� � � � � � , � � � , $ D � � � � � � 
 � � � � � � � = 
 F � � � � � � 
 � $ D � * � � � � � F � = � � � � � F � � � � � � � 
 � � � � 
 � � � �


 � 0 � � , 
 = � � � 
 � � � � 0 � � � � � � = 
 F � � � � � � 
 � � � � � � � � � � � 
 � � � � = � � � � � � � � � � � � = , � � � � 
 � � � � = � � � �

� � b * � � � 0 � � � � � � � � � � � � � � � � � 0 � � � = � � � � � % $

D � � � � � � 
 � ! � � � , � � � � 
 � � 
 8 � � � � � � , , 
 ! � � � � � � � � � N � 
 � 0 � � � � � � � � � � � � � � � = , � � � � 0 � � �

F � � � � : $ j , � � � � � 0 4 � � � , , � � � Z � � � , � 
 � � * 0 � � 0 4 , 8 4 , � j � � � � = � � � N � 
 � � � 
 � : � � � � � � � � ! � 
 
 0

� 
 � 0 � � � = � � � � = � � � � � � � = � $ Y � � � � � 
 0 � = 
 � � � � 
 � � � � � � � � � � 0 � � � � � � � * , � � � � � 
 � % $ + 
 � � � � � !

� 
 � � � � � @ � � � � � � � 0 G 
 0 � � � * � M � � � � I � 
 � � � � � � 0 � � � � � � � � % � � M � � = 
 � � * F � , , 
 ! � � = � � � � � 0

� � � � � � = � � � � � � � � � � � � � � � � � � , = 
 � � � � � � � � � � � � 
 * � � � 
 0 � = 
 � � � � 
 � � � � 
 � � � � � � 0 $ Y � � � � � � � � %

� � 0 * � � 
 � � � 0 � . � � � � = � � � � � � � , 
 � � � � � � � � � � � � � � , � � � � � � $ D � � � � * � � 
 � � � 
 * � = 
 � � � � � � 
 � � � � �

� � � � % � � � � 
 F � � 
 � � � 0 * � � 
 0 � . � � � � � F � = � � � � � F � � � 0 � . � � � � � F � � � � � � , � $

- � � � � � B 9 � � � & 5 � � � 9 ; � � U � � � 5 � � � � & � � �

6 , � � � � = � � � 0 9 � � , � = � � � � � � � � � * 0 � � 0 � � � � � � � � � 8 = 
 � � � 
 , , � 0 � � � � � 
 � � = 
 F � � � � � � 
 � � � � � � � 
 � 
 �

� � � * 0 
 � , � � � � = � � � � � F � F 
 � ! � , , 
 ! � 
 � W � 8 D � � ! � � $ D � � ! � � 
 � 
 � � 0 � � � : � , � � � � � 
 � 
 � � %

� � � � 0 
 � � � � � � � � � � � � 
 � 
 � � � � � � � � � 0 * = � 0 F � � � � � � � � � 3 � � @ 5 0 * � � � � , 
 � 0 � � � $ L 
 � � � � � � �

� � � � � � � : � � � � � � , � � � � � � � 
 � � � � , � � � � � � � 
 � F � � � 
 � � � � � � � � � � � � � � � 
 � , 
 � 0 � � � = � � � � F 
 � � � � � �

NASA/CR—2001-210715 22



� � � = � � � � � � � � � � � � � � � � � = � � � � = 
 F � � � � � � � � � � � � � � � $ D � � ! � � * 0 � � 0 � * � � � � � � � = � � � � * 0 
 � , � � � � = �

� � 0 � * � � , ! F � � � � � � � � � = � � F � , � � 3 � � � * 0 
 � , � � � � = � � F � , � � � � � � 
 � � � � � � 0 � ! � � � = � � , � � � � F 
 8

F � = � � � � = � , = 
 � 0 � � � 
 � � � � � � 0 � � � = � � � � , � 
 � = 
 F � , � � � , ! � � = 
 � � � � � � 0 � � 
 � F � � � 
 � � � � � � � � * �

� 
 � � � ! � � � � � � � � , � � � � � � � 
 � F � � � 
 � 5 $ D � � � * � � � � � � � = � � F � , � � � � 
 � � 0 � 
 � % $ � � F � � � � � � � � � =

� � F � , � � � F � � � � � � � � � � � � � � � � � � � � � E � � � � � � � � � � � � � � � � � � � � � � , , ! � � � � � � 0 $ % * � � � � � � � � � 
 �


 � = 
 F � � � � � � 
 � , 
 � 0 � � � � � � � � � � � � � � � � � � � � � , � � � � 0 � ! � * = = � � � � � � � � � � � � 
 � F � � � 
 � � � 
 � � � � � , �

� � � � � � � � � � � � � = � � � � , � 
 � = 
 F � � � � � � � � � � 
 � � � � � � � , � � 0 � � � � � � F 
 � � � . � = � � � � , ! $ D � � � � � � � �

� � 0 * = � 0 � ! F � � � � � � � � � = � � � � � � 
 � F � � � 
 � � � F * = � , � � � � � � � � � � � � 
 � � � � � � � = 
 F � � � � � � 
 � � 
 �

� � � � � F � � � � � � � , � � � , $ D � � � � � � * , � � � � � F 
 0 � � � � � � % $ 6 � � * 0 
 � , � � � � = � � F � , � � 
 � � � � 
 � � � �

� � � 0 � � : � � � � � � 0 F � : � F * F � % $ D � � � � � � � = � * � � � � � � � � � � � � � � 
 * � � 
 � F � 0 � � = 
 F � � � � � � 
 � = � �

0 � , � � � � 
 � , ! � � F � , , � � � � � � 
 � F � � � 
 � � � � � � � $ D � � � � � � * , � � � � � F * = � � � � � � � � � � � � � � � � � � � � � � 0

� � � * , � � � � � , � � � � � % $

� � � � � 	 � � � � � 	 � � � � � � � 	 � � 	 � � � � � 	

4 � � � � � � 
 � � � � � � � � � � � � � � � � � � � � F � = � � � � � F � � � � � � 0 � � = 
 � � , � � � � � 0 
 � � � � F � = � � � � � F �

� � � � � � � * , � � � � � % � . � = � � � F � � � , � � � � � � � � � � � � 0 $ � � � � � � b * � � � 0 � 
 � � , � � � � � � � � F � = � � � � � F �

� 
 � � � F � = � 
 � = 
 � � = � � � � 
 � � � 3 � : � � � � F � � � � , , ! 
 � � � � � � � , � 5 $

% � * = N � � � � � � I � � * , � 0 
 * � � � � � 
 � � � � � , � � ! 
 � F � = � 
 = � � = N � 
 � � � � � 0 * � , � � � � � � � � � � � � � � � � = � * � �

� 
 � � % � . � = � $ 4 = = 
 � 0 � � � � 
 � � F � � � � � � � � � � � � � � � � � � � � � * � � = � 
 � = 
 F � � � � � � 
 � � 
 � F � , � 


� � � � , � � � , � � � 
 � � � � � � , � � � � � � = � = � * � � � � % $ D � * � � � � � � F 
 � � = � � � � = � , � 
 � � � � � ! � � � � � � � 
 �

� 
 � � � � � � � , � = � � � 
 � 
 � � ! 0 � 
 � � � � � = � � � � � * � � 3 � � � = � � 0 0 � � b * � , = 
 F � � � � � � 
 � � 
 � F � , � 
 � � = �

� , � � � 5 � � � � � � � � � F � � � � � * 0 � 
 � ! � � , 0 
 � � 
 � � � � � � � � � � � � � � � � � � � � � � 
 � 
 � = 
 F � � � � � � 
 � $ L 
 �

� F � � � � � � , � : � � � � � � � � � � % � � � � � F � � � � � � 
 , * F � = � � � � � � � � � � = � � � � � ! � = = 
 F � � � � F � � � � 


� � � , � � � � = 0 � � 
 � F � � � 
 � � � � � � � 
 � F � , � � ! � 
 � � * , � � � � � � , � � 0 $ J � � � � � � � 
 � 
 � 0 � � , 
 = � � � 
 � � � � � � , ,

� � � � = � � = � � � � � F � � � , � � � � � � 
 = � � � � 0 � � � � � � 
 , * F � � � = � � � � � � � 0 � 
 F � � � � , � � 0 � 
 � � F � , � �

F � = � 
 � = 
 � � = � � � � � � 
 � $ � � � � � , � � ! � � � F � � � � � � , � 
 � � � � F � , � � � = 
 � � � : � � ! 
 � � � � ! � � , 0 � * � � � = �

� � 0 � 
 � = 
 � � � : � � ! � 
 � 
 , 0 � � � � � . � = � 
 � � 0 0 � 0 � ! 0 � 
 � � � � � = � � � � � * � � 
 � � 
 , � 0 F � � � � � � , � � �

, � F � � � 0 � ! � � � � � � 
 � � � � = � , � � � � � � � � $ % � * = N � � = 
 � = , * 0 � � � � � � � � � F 
 � � = � � � � = � , � : � � � � F � � �

� 
 * � 0 � � � � � � 0 � � � � % � � � � � � � � 
 � � � � � 
 � � = 
 F � � � � � � 
 � � � � � � � � � � � � � � � � = � 
 � � ! 0 � 
 � � � � � =

� � � � � * � � $

NASA/CR—2001-210715 23



D � � � � � � � * � � 0 � � � � 0 � � = ! 
 � � 
 � � � � * , � � � � 
 F � � � � � = � � � � � � � � � � � � = � 
 � � � � � � � , � N � 0 � � , 
 8

= � � � 
 � � , � 0 � � � � � � � � � * � � 0 � � � � 0 � � � 3 � � � � M � � � � � � � � � � � � � M � � � � 0 G � = � F 
 � 0 � � � � L � 5 $ � � � � M � �

� � � � � � � � 
 � � 0 � � � � � � � � 
 � F � , � � � � � � 
 � � � � � , � � � , � � � � � . � = � � � � � 0 � � , 
 = � � � 
 � � � � � � � = � � 
 � �

� � � � 
 � � � � � , � = � ! � � � , � $ D � � � � � * , � � � * � � � � � � � � � � ! 0 � 
 � � � � � = � � � � � * � � � � � � � 0 � � � � � � � � � � � � 
 �


 � F 
 � � , � 0 � � , 
 = � � � 
 � � $ 2 * � � � � � � � � � � � � � � � � 0 � � � � � F 
 0 ! � � F � = � � � � � 0 F 
 0 � , � � � = � � � 
 � �

� � � � � � � � � * � � � � 
 * , 0 � � = � � � � � � � � � � � � � � = � � 
 � � � � � � � � 0 � � , 
 = � � � 
 � � $ Y � * � � 0 � � � � F 
 0 � ,

� 
 � : � , � � � 0 � � , 
 = � � � 
 � � � � � � � , � � � 
 � � � 0 � � 
 � � � � � � � � � � � � � * � � � � 0 * = � 0 � � � = � � 
 � � F � � 0 � �

0 � � , 
 = � � � 
 � F 
 � � 
 � � � 0 = 
 F � , � � � , ! = 
 F � � � � � � � � � 
 � � � � � � = � � � � � 0 � � � � � � = � � 
 � � � � � � � � 0 � � 8

, 
 = � � � 
 � � $ � � � � M � � � � 0 G � = � F 
 � 0 � � � � L � � � � � � � , � � 
 0 � � � = � , ! � � , � � � � b * � � � 
 � � $ � � 
 2 * � � � �

F 
 0 � , � � 0 = 
 � = , * 0 � � � � � � � � � � � � � * � � 0 � � � � 0 � � = � 
 � � � � � 
 � � � � � � � 0 
 � � � 
 � = 
 F � � � 
 F � � �

� , � � � � = 0 � , � � � � = ! � � � � b * � � � 0 � ! � � � � � � 
 = � � � � 0 � 
 � , � � $ G � � � � � � � � = 
 F � � � � 
 F � � � � . � = � 
 �

� � � � � * � � 
 � 0 � � , 
 = � � � 
 � F 
 � � 
 � $

2 � � � � � � � 0 T * � , F � � � 8 � � , � 0 
 � � � � � � E � � 
 * � 0 � � � � � � � 0 � � , 
 = � � � 
 � � � � * = � * � � 
 � = 
 F F � � = � � , , !

� * � � W � = N � , � � � 
 � � , � � � � 0 � ! � ! 0 � 
 � � � � � = � � � � � * � � $ D � � ! = 
 � = , * 0 � � � � � � � � � � * � � = � * � � � �

� � � 
 � � � � � � � � � � � = � � 
 � � , � � � � � � � � � � = � � � � � � 
 = � � � � 0 � � � � � � � 6 � � � � , � 8 W � � � � � 
 � � � � � � � � � � �

� � � � � * � � 0 � � � � 0 � � � $ D � � ! � � , � � � � � � � � � � � * � � 0 � � � � 0 � � = � � 
 � � � � : � � � � 
 , * F � � � � � � � �

� � 
 F � � � � � � 0 � � , 
 = � � � 
 � = 
 � � 
 = = * � ! $

� � � � � � � 	 � � 	 � 	 �  	 � 	 � � � � 	 � � 	 �  � � 	 � � � � � � 	 � � � �

4 � F � � � � 
 � � 0 � � � , � � � � F � = � 
 � � � * = � * � � , � � � , ! � � � 
 � 0 � � 
 � F � 0 � � F � , � � � � 0 � ; = * , � 0 * � � 
 � � � �

� � � � � = , � 0 � � � � � ! � = 
 � � � � � = ! � � � 0 0 � � , 
 = � � � 
 � � � � � � � = 
 � � � � � � $ D � * � � � � � � � 
 � � � � � � , � � 
 � 0 � � � � � !

� � � � 
 � � � � , � F � = � � � � � F � � � � � = � * � � � % � � � � = 
 � � , � � � $

L � 
 F � � � � � 
 � � 0 � � = * � � � 
 � 
 � � % � � � � � : � � � � F � � � � , � � � * , � � 
 � 0 � . � � � � � F � � � � � � , � � * � � � � � � � � �

� F � = � 
 � � � * = � * � � = 
 � � � � � � � � � � � = � � � � � � � � � � � � = , � � � � � � � � � � b * � � � � � � 
 � � % � . � = � $ D � � � : � = �

F � = � � � � � F � � � � 
 � � � � , � � 
 � � � % 0 � . � � � 0 � � � � 0 � � � 
 � � � � F � = � 
 � � � * = � * � � 
 � � � � F � � � � � � , $

D � � 
 � � � � � * = � � � � � � � � � � � � � , P � * � = � � � � � � � . � = � � � 0 F � = � 
 = � � = N � � � � ! � 
 � � � � � � � � * � � � � � � � � �

� � � � % � � , , � � = � � � � � � � � � � � = � � � � � � � � � � , � � � � = � � � � � � � � � � = � � � � � 
 � 
 � � � � � � 0 � � � : � � � � F � � � � $

� � � � � � � = � 0 � = 
 � � � � 
 � � � � � � � � � � � � � � � � � = � � � � � � � � � � 0 � � � F � � � � : = � � � � � * , � 0 
 * � � � = � * � �

� � � � � � � , � � � , � � � � � F � � � = 
 � � � � � � * � � 
 , � � � � � � � � � � � � � 0 � , � 
 0 * � � � � = 
 � � � � � � � � $ D � * � � � � � �

NASA/CR—2001-210715 24



� � � 
 � � � � = � * � � � 
 � � � % � � � � � 0 � � = 
 � � , � � � $ D � � � � � � � 
 � � � � � > = � � � 0 � . � � � � = � � � � � � � �

� � � � , � � � � = F 
 0 * , � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � $ � % � � � � � � � � � � � � � � � � � � � ! 
 � 0 E � � � � � �

� � � � � � , � � � � = � � � � � � � � � � 0 
 F � � � � � � � 0 � 
 � , � � � � � � , � � � � = � � � � � � = � � 
 � � � � � � � � , � � � � , � $ D � * � �

� 
 � , � � � � � � , � � � � = � � � � � � = � � 
 � � � � 
 � � � � � 
 , � = � * � � 
 � � % $ J � , � � � , � � � � � � � � � 
 � � � � � � � 0 � � � � > � 0

� � � � F � = � � � � � F � � � = � * � � � 
 � � � � . � � � � � � � = 
 F � � � � � � 
 � � � � � = � 
 = = * � � � � � � � 
 � � � � 
 � ! � � , 0 � � �

� � � � � � � � � � � , � � � � = � � � � � � � � � � , 
 � � � = 
 F � � � � � 
 � � � � � � � � � 
 � , � � � � � � , � � � � = � � � � � � � $

% � . � � � � � � � , � 
 � F � � � 
 � 
 � 0 � � 
 � F � � � 
 � � � � � � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � 0 
 � � � 
 � � � � F � 


� � � � � � F � � ! = � * � � � 
 � � � % $ D � � � . � = � 
 � , 
 � 0 � � � 
 � 0 � . � � � � � � � � � � � � � 
 � � � � � � � = � � � � � � � �

� � � = � � � � � 0 � . � � � � � � � � 
 � � 0 � � � � � , � � � � � = � � = � * � � � 0 � . � � � � = � � � � � � � 
 � � � * � 0 � � � � � � � 
 �

� � 0 = 
 F � � � � � � 
 � $ D � 
 * � � � 
 0 � > � � � � � � � 0 � � = � � � � � � � � � � � � � 
 � 
 � � � � � � � � � � � � � 
 � � � � � , � � ! �

0 � � 
 � F � � � 
 � � � � � � � � � � � � F � � 
 � � � � � = 
 � 0 � � ! � . � = � � � 0 � � � 
 � , � N � , ! � 
 � � � 0 
 F � � � � �

= � * � � � 
 � � % � � � � = 
 � � , � � � $

D � 
 � � � 
 � � � � � � � � � � � F F 
 � � = 
 � � � � = � � � � � � � 3 � 5 � 
 , * F � � : � � � � � 
 � � ! � 
 � � � � � � i � � 0 3 E 5 � � �

� � � � � = , � 8 0 � � , 
 = � � � 
 � � � � � � � = � � 
 � � ! � 
 � � � � � � $ � � F 
 � � = � � � � � � 
 � � 
 � � � � � � * � 0 � � � � � � F � � � � � �


 � � � � � � 0 � % � . � = � � � * � � � � � � � � � � � � � 
 � � 
 � � � � � � F � = � � � � � F � = 
 � � � � � * � � � 
 � � � � � . � = � $ � �

� � F � � � � � 
 � � � � � � � � � � � � � � ! 0 � 
 � � � � � = � � � � � * � � � � � � � � � � * � � = � 
 � � � � � % � � � � = 
 � � , � � � $

4 � � * � � � � � � 0 � ! % � * = N � � � � � � � � , � � � 0 = 
 F � � � � � � � � � : � � � � F � � � � * � 0 � � � � � ! � � � � ! 0 � 
 � � � � � =

� � � � � * � � � � � � , � � � � 0 
 � � � � 0 � � = 
 � � , � � � $ � � � � � � � � , � � ! 0 � 
 � � � � � = � � � � � * � � � F � � 0 � � � � �

F 
 � � 
 � 
 � 0 � � , 
 = � � � 
 � � = � * � � � � � � � � = � � � � � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! � � � = � � � � * � � = � * � � � �

� 
 , * F � � : � � � � � 
 � $

� � � � � � � � � � 
 � � ! 0 � 
 � � � � � = � � � � � * � � 8 � � 0 � � � � 0 � � = � � � � � F 
 � � � � 
 � � � , � = � * � � � 
 � � % � � � � � 0

� � = 
 � � , � � � � � � � � � � � 
 � � � � � � � � � = � � 
 � � � � � � � � = 
 � � � � � = ! � � � � � � > � , 0 � � � 
 * � 0 � � � � � � � � � = � � 8

� � � � � � � � 0 � � � 0 � � , 
 = � � � 
 � � $ � � � � � � � � � � � � � � � � � � � = � � � � � � � 8 0 � � , 
 = � � � 
 � � � � � � � = � � 
 � = � * � � � � �

� � = � � � � � � � � � � 0 � � , 
 = � � � 
 � 0 � � � � � ! � � � � = 
 � � � � � = ! � � � � � � � � � � F � 
 = � * � � � � � � � � � 0 � � , 
 = � � � 
 �

� � � � � � = � � 
 � * � 0 � � = 
 F � � � � � � 
 � � � � � * � 0 � � � � � � � 
 � $ � � � � � F � � � � � � , � � � ! 0 � 
 � � � � � = � � � � � * � � 8

0 � � � � 0 � � � � � � � � % = � � � � � � � � � � * � � 0 � � � � � � � 
 � � � � � � � � = , � 8 0 � � , 
 = � � � 
 � � � � � � � = � � 
 � � � 0 � �

� � � � � 
 � � � � 
 , * F � � : � � � � � 
 � $

NASA/CR—2001-210715 25





� � � � � � 
 �

� � � � � � � � � � � � 	 � � � � � �

� � � � � � � � � � � � � � � 0 � > � � � � 
 � � 
 � � � � � � � � � � � � � � � � � � � � � � = � � � � � � � � � � � � � � � � � � � � � = � , � F � � � � 
 �

� � � � 8 � � 0 � � � � 0 � � � 3 = , � � � � = � , 5 � , � � � � = � � ! � � � 
 � ! � � � M $ ! � � , 0 = � � � � � � 
 � � � 
 � , � � � � � � 0 � � � � � , � � �

� � 0 , 
 � 0 � � � = � � � � � � � $ D � � � � � � � � � � � � � � , � � � � � � , � � � � � 
 � = � � 
 � � � � 8 0 � � � � 0 � � � � , � � � � = � � ! � �

� � � � � � � � 0 � � � = � , � � 0 � � � � 
 � � � � � � � � � � , � � � � � � , � � � � 
 � ! 
 � � � � = 
 � , � � � � = � � ! $ L � � � , , ! � � � � � � � � 
 �

� � � � � � , ! � � , 0 � * � = � � 
 � � � � 0 � 
 � , � � � � � � � � 
 � � ! 
 � 0 = , � � � � = � , � , � � � � = � � ! � � � 
 � ! � � � � � 
 � � 0 � 0 $

4 � ! F � � � � � � , 0 � � 
 � F � � � � � � * � G � = � � 0 � 
 � : � � � � � , � 
 � = � � $ D � � 0 � � 
 � F � � � 
 � � � � 2 1 H � * J � � � �

� � � � � � � � � � , � � � 0 � � F � 8 � � 0 � � � � 0 � � � � E * H J K � 2 1 H � * J � � � � � � � � � � � � � � , � � � 0 � � F � 8 0 � � � � 0 � � � � � � 0

M 2 1 H � * J � � � � � � � � � � � � � � � � , � 
 � � � � F � � � � � $ P � � � � , � F � � � � � � , � , � N � � , � � � � � 0 = 
 � = � � � � � : � � � � �

� � � ! , � � � , � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � 
 � � � � � = � * � � � � $ j � � � � 
 � � � � � � � 0 � F � � � , � = � � * � 0 � � � 


� � � � � > = � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � 
 � � � � � , * � � � � 0 � � � � � � 
 � � � � � 0 * = � � , � F � � � � � � , � $

D � � � � � 
 � ! 
 � � , � � � � = � � ! 0 � � , � � � � � � � � � � � � � � 8 � � � � � � � � 0 , 
 � 0 8 0 � � 
 � F � � � 
 � � � , � � � 
 � � � � � �

� 
 � � 0 * = � � , � F � � � � � � , � � ! 
 � 0 � � � � , � � � � = , � F � � $ D � � � � � � � , � � � F � � � 
 � � � � � � � � , � � � 
 � � � � � �

� � � � � � , , ! � 
 , , 
 � � � � 
 � � � � � � 3 � 5 � � � � : � � � � F � � � � , 
 � � � � � � � � 
 � � � 0 3 E 5 � � � F � � � � F � � � = � ,

� � � � � � � � � � � � 
 � $ D � � � � � � � � � � � � � � � � � � � � � � 
 � F � , , ! � = � � � � � 0 � � � � � : � � � � F � � � � � � * � � � 
 � F �

� * � � � � * , � � F � � � � 
 � , 
 � � � ! � , � � � � = � � ! � � � 
 � ! � � � � � � � � � , F � � � � F � � � = � , � 
 � F * , � � � 
 � � � � �

= � � � � � 0 � = � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � 
 � F � � � � � � , � * � 0 � � = 
 F � , � : , 
 � 0 � $

D � � � � � 
 � � � � 
 � � , � � � � = � � ! = � � � � � � � � � , � � � � 0 � � � � 
 = � � � � 
 � � � � � 3 � 5 N 1 � & � N 1 � * J 1 2 � & � K � * � H � � 0

3 E 5 M & � H * J 1 2 � & � K � * � H $ @ � � � � F � � � = � , � � � 
 � � � � � � � � 
 � F * , � � � 0 � 
 � � � � � � � � � � � � � : � � � � F � � � � ,

NASA/CR—2001-210715 27




 � � � � � � � � 
 � � � � � � � � � � , F � � � � F � � � = � , � 
 � F * , � � � 
 � � $ D � � � � � � � 
 � � � � 0 
 � 
 � � � b * � � � 0 � � �

N � 
 � , � 0 � � 
 � � � ! � � = � 
 � � , � � � � = 0 � � 
 � F � � � 
 � � � 0 � � � � � � � 0 
 � � ! � 
 � � � � � � � � 0 � � � * F � � � 
 � �

� � 
 F � : � � � � F � � � � , � � � * , � � $ D � � � � � 
 � � � � � � F � � � � F � � � = � , � � � 
 � � � � � � � � � � � � � � 0 � 
 � � M & � �
! K N � ! K 2 K # * J 1 2 � � � 
 � � � � $ D � � � � ! � � = � , � � � 
 � � � � 
 � � � � 
 � � � � � � � 0 � � � � � F � � � 
 b * � � � � � ! � � �

� , � � � � = 0 � � 
 � F � � � 
 � � � � � � F � = � 
 � = 
 � � = , � � � , � � 0 � : � , � � � � � ! � � 0 � 
 � � � � � , � � � � = 0 � � 
 � F � 8

� � 
 � 
 = = * � � $ D � � F 
 � � F � � � � 
 � � � 
 F � � � 0 � � � 0 � � 
 � F � � � 
 � 
 � � � � � , � = � ! � � � , � � � 0 � � � � � � � � �

� F � 
 � � � � � = 
 � � � 0 � � � � � 
 � � $ Y � � � � F � � � , � � � � � � � � � 0 � � � � � � � � � � � � 
 � � � � � , � = � ! � � � , � 
 � � 
 , ! 8

= � ! � � � , � � � 0 � � � � � � � � � 
 � � � � 
 � � � , � � 0 , 
 � 0 � � � � 0 � � � � � 0 � � 
 F � � � � � � * � , 0 � � � � , 
 = N � � � � F � , !

� � � � , � = � ! � � � , � � � 0 � � � � � � 3 T � � � � � 0 Y * � � � � � � � [ � 5 $

@ 
 � � � � � , � = � � � 
 � � � � * = � � � F � � � , � 
 � F � � � 
 � � � � * = � * � � , 0 � � � � � � � � � � � � � 0 
 � F � = � 
 � = 
 � � =

b * � � � � � � � � $ 4 � ! � , � � � � = � � ! � � � 
 � ! F * � � � � � � � � 
 � � = 
 � � � � � F � � � � F � � � = � , � � � � � � , � � � � � � = � �

� � F � � � * � � 0 0 * � � � � � : � � � � F � � � � � � � � � F � = � 
 � = 
 � � = , � � � , $ D 
 F � N � � � � � 
 � � � , � � ! � 
 � � � � � �

� � 0 � � � * F � � � 
 � � 
 � � � � � � � � � 
 � � : � � � � F � � � � � � 0 � 
 � * , , ! * � 0 � � � � � � 0 � � � F � � � � � � � � 0

, � F � � � � � 
 � � 
 � � � � 
 � 
 � � 0 � � � 
 � ! � N � 
 � , � 0 � � 
 � F � � � � � � , � � � * = � * � � � � 0 � � ! � � = � 
 � � � � , � � � � =

0 � � 
 � F � � � 
 � � � � � � ! � � , � � * , $

� � � � � � 	 � 	 	 � � � � � �  	 � � � 	 � � � 	 � � � �

D � � � � � � � � � � � � � � � � � ! F � � � � � � , � 
 � � � F � ! � � � � � � � � � � � � 0 � ! � � � � � � � � � � � � � 
 � � � � $ � � �

= 
 F � 
 � � � � � � � � � � = � � � � � � � � = 
 
 � 0 � � � � � � ! � � � F = � � � � � � � � � � � � � � 0 � ! � F � � � � : 
 � � � = 
 � 0


 � 0 � �

� � � �

����
�

� � � � � 	 � � �
� 	 � � 	 	 � 	 �
� � � � � 	 � � �

� ���
�

� 3 I $ � 5

� � � = � � � � � � � � � � � � � � 
 � � � � ! F F � � � � = � 
 � , ! � � : � � � � � � = 
 F � 
 � � � � � � � �
�

� � 	
�

� � �
�

� 	 	
�

� 	 �
�

� � �
� � � � � 0 � � � � 0 � � � $ D � * � � � � : � � 0 � � � � 0 � � � � � � � � � = 
 F � 
 � � � � � 0 � � � � F � � � � � � � � � � � � � � � * � � b * � , !

� � 0 � � � � � � � � � $ 
 � � � � � � � � � 
 � � � � � � � � � � � � 
 � � � � � � � � � � � � � � = � � � , � � � � � � � � = � � � � 0 � � � � F � � � 0

* � � � � � � � = � � � � = � � � � � � � = � b * � � � 
 �

� � � � � � � � � � � \ 3 I $ E 5

NASA/CR—2001-210715 28



� � � = � = � � � � � : � � � 0 � 0 � 


�
�

�

� � �
�

� � � � � � � � \ 3 I $ I 5

� � � � � � � � � � � � � T � 
 � � = N � � 0 � , � � � � � � � � � � � 0 � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � 
 � $ � �

� � � F � 
 � � � � � � � � = � � � , � � � � � � � � � � � � � � � � 0 � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � �

� � � � � � � � � � � � � � � � � 3 I $ L 5

� � � � � � � � � �

� � � , � � � � = � � ! � � � 
 � ! � � � � � = * � � 
 F � � ! � 
 0 � = 
 F � 
 � � � � � � � � � � � � � � � 
 � � �

� � � � �
�

� � � �  � � 3 I $ [ 5

� � � � � �
�

� � � � � � ! 0 � 
 � � � � � = � � � � � � � � � � � � !

�
�

�

�

I
� � � �

�

I
3 � � � � � 	 	 � � � �

5 �

�

I
3 � � � � � � � � 5 3 I $ Z 5

� � 0  � � � � � � � 0 � � � � � 
 � � = � � � � � � � � � � 
 � $ 
 � � � � � � � 0 � � � � � 
 � � = � � � � � � � � � � 
 � � � � � 0 � � � � � 
 � � =

� � � � � � � � � � � � � � � � = � � � � 0 � > � � 0 � �

� � �  � � � \

� � �

�

E
 � �  � � �

�

Z
� 3 � � � � � 5

�
� 3 � � � � � 5

�
� 3 � � � � � 5

� � 3 I $ � 5

� � �

�

I
 � �  � 




 � �  �  �  � �

D � � � � � � � � � � � � � � � � � � � � � � � � � 0 � � � � � � 0 � � = * � � � 0 � � + � � � � � � � $ � � � � � � � � � � 
 � � � � � . � = � � � �

� � � � � � � � � = � � � � * � � 0 � � � � � � � 
 � 
 � � 0 F 
 0 � , � � � 0 � > � � 0 � � � � � F � , � � F � � � � � 3 + � � � � � � L 5 $

� � � � 	 � 	 � � � 	 � 	 � � 	 � � � � 	 � � 	 � 	 � �

� � � � � � � � = � � 
 � � � � � � * � 0 � F � � � � , � � � � = � � 
 � = , � � � � = � , 
 � � � � � 8 � � 0 � � � � 0 � � � � , � � � � = � � ! � � � � : 8

� , � � � � 0 $ D � � � � � � � � � � � = � , � F � � � � 
 � = , � � � � = � , � , � � � � = � � ! � � � ! � � , 0 = � � � � � � 
 � � � 
 � � * , � � � 0

� � � 0 � � � � � � * , � $

NASA/CR—2001-210715 29



# ! � !  � 3 ' , � � � 3 ) ' � 3 +

� � � * � � � : � � , � � � � � � � � � � � � � � � � , � � � � = , � F � � � � 0 � > � � 0 � ! � � � ! � � , 0 � � � � � � $ 
 � 0 � � = 
 F � � � � 0

� � � � � � � � � � � � � , � � � � = , � F � � � � 0 � > � � 0 � ! � � * � � � = � � � � � � � � � � � � = � $ @ � � � � F � � � = � , , ! � � � � � , � � � � =

, � F � � � � 
 � � � � � � � � , � � � � 
 � � 
 � � = F � � � � � � , � � � : � � � � � � 0 � �

� 3 � � � 5 � \ � 3 I $ � 5

B 9 ! & � � & 9 � � � � � � � � 9 � & � � � 9 � � / � � * =

L 
 � � � � � 
 � � 
 � � = F � � � � � � , � � � � 
 � � � � � � � � 
 � 
 � � � � � = � � � , � : � � � � � F F � � � � � � , � � 0 � � � = � � � �

� � � � = � � � , � � � � � � � � � � � � � � � � 0 � � � � � � * ; = � � � � � 
 * � � b * � , ! 0 � � = � � � � � � � � � � � � 
 � � � � � � � $ D � �

� � � � = � � � , � � � � � � � � � 
 � F � � � � � � � � � � � ! � � � � � 3 � � � � = � � � � 0 G � � , � � � � � Z E � 5 $ � � � � = * � � 
 F � � ! � 


* � � � � � � � � � � 0 � � � � � � � � � � � � � � ! � � � � � $ Y � � = � � � � � ! � � , 0 � * � = � � 
 � � � = 
 F � �

� 3 � �
�

� �
�

� � 5 � \ � 3 I $ � 5

4 � � � * � � � � � � � > � � F � � � � 
 � � � � = � � � � � � 
 � � � � 
 , * � � 
 � 
 � F � � � � � � , � � � � � = � � � � � � = 
 � � 
 � � � � 0 � �

� � � � � � � � � � � ! � � � � � � 
 � � � � � � � � � � � � � 
 � � � � � � � 
 � $

� � � � � � � � � 9 = � � � 9 = � 9 � / � � * = 5 � � � � � � &

� � � = � ! � � , 0 � � � 
 � F 
 � � F � � � , � � � � 
 * � 0 � 
 � � � � � � � � � � � � � � 
 � ! 0 � 
 � � � � � = � � � � � * � � � � � � 
 , , 
 � �

� � � � � � � � � � � � � � � � � F * � � = 
 � � � 
 , � � � ! � � , 0 � � � 
 � � * = � F � � � � � � , � $ D � � � � � � � � � � � � � , � � � � �

� � � � � � � � � � 0 ! � � , 0 = � � � � � � � $ D � � 0 � � � 
 � � , , ! � D � � � = � � � 0 � 
 � @ � � � � = � � � � � � � � � � � � 0 � , ! * � � 0 � 
 �

0 � > � � � � ! � � , 0 � � F � � � , � $

� $ $ � � � 5 & � � � * = � � � � � � � � 9 � � � � � � � � � � ! � � , 0 � � � 
 = = * � � � � � F � � � � � � , � 
 � � � � � � � � � � �

F � : � F * F � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � = � � � � = � � � � = � , � � , * � � $ � � � � � � � 0 � F � � � � 
 � � ,

� � � � = � � � , � � � � � � � � � = � � � � � ! � � , 0 � * � � � = � � � � � � � * , � � � � : � � 
 � � , = ! , � � 0 � � � � � � � � � � : � �

� , 
 � � � � � � ! 0 � 
 � � � � � = � � � � � � � : � � $

E $ ! � 9 P � � � � � � � * = � � � � � � � � 9 � � � � � � � � � � ! � � , 0 � � � 
 = = * � � � � � � � � � � � � � � � � � � � � ! 
 �

0 � � � 
 � � � 
 � � � � F � � � � � � , � � � = � � � � = � � � � = � , � � , * � $ � � � � � � � 0 � F � � � � 
 � � , � � � � = � � � , � � � � � �

NASA/CR—2001-210715 30



� � � = � � � � � ! � � , 0 � * � � � = � � � � � � � > � � � � = � � = * , � � = ! , � � 0 � � � � � � � � � � : � � � , � � � � 0 � � � � � � �

� ! 0 � 
 � � � � � = � � � � � � � : � � $

D � � D � � � = � � � 0 @ � � � � ! � � , 0 � * � = � � 
 � � � � � � � 0 � � � � 0 � � � 
 � � � � � � F � , ! � � � � ! 0 � 
 � � � � � = � � � � � * � � 8

� � 0 � � � � 0 � � = � i � � 0 � � � F � � � � � � � 
 � � ! F F � � � ! � � � � � � � � � � � � , � � � 0 = 
 F � � � � � � � � � � � � � � � � 3 � 


� % 5 $

� � � � � � � � � = � � � 9 = � 9 � / � � * = 5 � � � � � � &

J � 
 , 
 � � = � , F � � � � � � , � � * = � � � � 
 � , � � � 
 = N � � � 0 = 
 � = � � � � � � � � ! 0 � 
 � � � � � = � � � � � * � � � � � � � � � � � $

Y � � = � � � � � � � ! � � , 0 � � � � � � � � � � � � 
 � F * � � � � � 
 , � � � � $ � 
 F � F � � � , , � = F � � � � � � , � � � � � , � 
 � � � � � * � �

� � � � � � � � � � � 0 � � b * � � � � 0 � . � � � � � ! � � , 0 � � � � � � � � � � � � 
 � = 
 F � � � � 0 � 
 � � � = 
 � � � � � � 
 � � , D � � � = �


 � @ � � � � = � � � � � � 
 � 3 % � * = N � � � � � � I � � � � � � M � � � � � � [ � 5 $ D � � � � F � , � � � � � 0 F 
 � � � 
 � * , � � � � 
 8

� � � � F � � � � F 
 0 � , � � � � � � 
 � � 
 � @ 
 � � 8 + 
 * , 
 F � � � 0 % � * = N � � 8 6 � � � � � $

@ 
 � � 8 + 
 * , 
 F � + � � � � � � 
 �

@ 
 � � � � = � � � � � � 
 � � � � � � � 0 
 � � � � � � � * F � � � 
 � � � � � � � � F � : � F * F � � � � � � � � � � � � � � � � 0 � = � � � � �

F � � � * � � 
 � ! � � , 0 � � � $ � � � � � � � � � � � � ! � � , 0 � � � 
 = = * � � � � � � � � � � � 0 � * � 
 � � � � , � � � � � � � � � � = � � � ,

= � � = , � � 
 * = � � � � � � ! � � , 0 � � � � , 
 � � � � � � = � � � � � � � � � � � � , � � � � � � � � � 3 �
�

� 5 � � � = � � � � � 
 � � � �

L � � * � � I $ � $ @ � � � � F � � � = � , , ! � � � � � = � � � � � : � � � � � � 0 � �

� � � � �
� � � � � � 3 I $ � \ 5

� � � � � = � J � � � � � J K & � H * K ! � � 0 � � � � � � 1 ! # 2 � K � * ! � � � ! 1 2 � � * J � * K ! i � 
 � � � � � F � � � � � � , = 
 � � � � � � �

0 � � � � F � � � 0 � ! � : � � � � F � � � � $ � � � � � = � � , = � � � � 
 � � � � = � � 
 � , � � � F � � � � � � , � � � 
 � � � � = � � � \ �

� b * � � � 
 � I $ � \ � � 0 * = � � � 
 � � � D � � � = � = � � � � � � 
 � $ � � � � � F � 
 � � � � � � � � � � � � � � � � � � � � � � � � = � � � � � � 
 �

= � � � � � � � � � � � � �

� 3 � �
�

� �
� 	 5 �

�

I
� � � � � � �

� � � � � � � 3 	 �  I
5 �

�

� I
� � � 3 	 �  I

5 � � � � � � � � � � � � \ 3 I $ � � 5

� � � � � 	 0 � � � � 0 � 
 � � � � � 0 � � � �

� � � 3 I 	 5 �

I � I

E

� �

� � ��

�

J � � � � � = � , , ! � � � � � = � � � � � � 
 � � � � � 
 � � � � 0 � . � � � � � � � � � � � � , � � � � � � L � � * � � I $ � $

NASA/CR—2001-210715 31



Mohr-Coulomb Yield surface

� 
 � � �

� � � � �
� 
 
 � � �

� � � � �
�

� � � � �
�

�

� �




�

�
� �

�
� �

�
� � � � � � �

� � � � � �


 �


 �



�


 �


 �

L � � * � � I $ � � D � � @ 
 � � 8 + 
 * , 
 F � K � � , 0 + � � � � � � 
 �

% � * = N � � 8 6 � � � � � + � � � � � � 
 �

D � � % � * = N � � 8 6 � � � � � = � � � � � � 
 � � � � � � F � , � F 
 0 � > = � � � 
 � 
 � � � � � 
 � @ � � � � = � � � � � � 
 � � 
 � � = , * 0 �

� � � � . � = � 
 � � ! 0 � 
 � � � � � = � � � � � * � � 
 � ! � � , 0 � � � $ @ � � � � F � � � = � , , ! �

� 3 � �
�

� � 5 � � � � �
� � � � 	 � \ 3 I $ � E 5

� � � � � � � � 0 � � � � F � � � � � � , = 
 � � � � � � � $ � � � � � � � M � � 
 � � � � � 0 * = � � � 
 � � � � 
 � @ � � � � = � � � � � � 
 � $

D � � ! � � , 0 � * � � � = � � � � � � � � � � � � � � = � � = * , � � = 
 � � � � � � � � � � � = � � � , � � � � � � � � � = � � � � � � 
 � � � �

L � � * � � I $ E $


 � , � N � � � � @ 
 � � 8 + 
 * , 
 F � � � : � � 
 � � , ! � � , 0 � * � � � = � � � � � % � * = N � � 8 6 � � � � � � * � � � = � � � � F 
 
 � � $

D � � � � � = � , � � � � � � � � � � � � , � = � � � 
 � � � � , � � � � = � � ! � � � 
 � ! � � = � * � � � � � � = 
 F � � � � � ! � 
 = � , = * , � � � � � �

� 
 � F � , � � = � 
 � � 
 � � � ! � � , 0 � * � � � = � � * F � � � = � , , ! $

NASA/CR—2001-210715 32



Drucker-Prager

� �

� �

� �

� �

� �� �

L � � * � � I $ E � D � � % � * = N � � 8 6 � � � � � K � � , 0 + � � � � � � 
 �

# ! � ! � � , � � � + �

� * & � � � 5 � � � � 9 � � & * $ U � � � /

D � � � � � � � � , F � � � � F � � � = � , � � � � � F � � � 
 � � � � = 
 � � � � � * � � � � � b * � � � 
 � � 
 � � , � � � � = 0 � � 
 � F � � � 
 �

� � � � � 
 � 
 � � 0 � ! � 
 � @ � � � � � � � � E � $ Y � � 
 � � = � 0 � � � � � � � , � � � � = � � ! � � � 
 � ! � � � � � � � � � � � � � � 
 �

� � � � � , � � � 0 � 
 � � � � � � � � � � � � 
 * � � � � � , � � � � = � 
 � � � � � � , � * � = � � 
 � � � � � = 
 F � , � F � � � � � ! � � � � � �

� � � � � ! � � � * = � � � � �

� � � � � � �

� � � �
� 3 I $ � I 5

P ! � � � � � � , � M � � � � � 0 � � � , ! � � � � � � � � 0 � � � 
 � , � � � � = � � ! � � � 
 � ! � @ � � � � � � 
 � 
 � � 0 � � � � � � � � � � : � � � �

� � , � � � � = � 
 � � � � � � , � 3 � � � 5 � � * = � � � � � � � � � � � , � � � � = � � � � � � � � � � �� �� � = 
 * , 0 � � 0 � � � � � 0 � � 
 F � � �

� 
 , , 
 � � � � � 
 � � * , � �

�� �� � �
�� � �

� � � �
3 I $ � L 5

� � � � � �� � � � � � 
 � 
 � � � 
 � � , � 
 � � � � � � � = � , � � � � = � 
 � � � � = � = � � � � 0 � � � � F � � � 0 � � 
 F � � � ! � � , 0

= � � � � � � 
 � $ 6 , � � � � = � � ! � � � 
 � ! � � � � 0 
 � � � � � � 
 � � � 
 � � * , � � � = � , , � 0 M 2 1 H � * J M K � � ! � * 1 2 � & � K � � $

D � � � 
 , , 
 � � � � � � F � � N � � � 
 * , 0 � � � 
 � � 0 � � 
 * � � � � � � 
 � � � 
 � � * , � �

� $ J � 
 F � � � � = � , , ! � � � � � , � � � � = � 
 � � � � � � , � 3 � � � 5 � \ � � � � � � � � � � � � � * � � � = � � � � � � � � � � � � � � � = �

� � 0 �� �� � = � � � � � � � � � � � � � � 0 � ! � � � = � 
 � � � � � � � � � � = � $ D � � � � � , � � � � = � � � � � � � � � � � � = � 
 �

� � � 
 � F � , � 
 � 3 � � � 5 � \ $ D � � � � � 
 � � � � b * � � � 
 � I $ � L � � � , � 
 � � � � � � � 0 � 
 � � � � � � 
 � F � , � � !

� 
 � � * , � � � � , � � � � = � � ! � � � 
 � ! $

NASA/CR—2001-210715 33



E $ � � � � � , � � � � = � 
 � � � � ! 0 � 
 � � � � � = � � � � � * � � � � 0 � � � � 0 � � � � � � 0 � � * � � � = 
 F � � � � � � � , � � � � �

= 
 � � � � � 
 � 0 � � � � , � � � � = � 
 � � � � � � , � * � � � = � � � � � � � � � � = � � � , � � � � � � � � � = � F * � � � � = ! , � � 0 � � = � ,

3 � 
 � � � = � � � � � � , ! � � � � � = � � = * , � � = � 
 � � � � = � � 
 � 5 � � � � � � � � � � � � � � � � � � : � � $ �� �� � � �

� � � � � � 0 � = * , � � � 
 � � � � � : � � � � � � � � � � � � � � 
 � , ! � � � � � = � � � � � � 
 � � � � � * � � � = � $ D � � � � � � 
 �

� � � = � � � � 
 � � ! 0 � 
 � � � � � = � � � � � * � � 8 0 � � � � 0 � � � F � � � � � � , � $

I $ 4 = 
 F F 
 � � � � � 
 � = � � � � , � � � � = � � ! � � � 
 � ! � � � 
 � � � * F � � � � � � � � � , � � � � = � 
 � � � � � � , � * � = 8

� � 
 � � 3 � � � 5 � � � � � � � F � � � � � � ! � � , 0 � * � = � � 
 � � 3 � � � 5 � � 
 � � � � � � � � 
 � , � � = � � � � � � � � � � �

� �

�� �� � �
�� � �

� � � �
3 I $ � [ 5

� � 0 � � � � � � , � � � � = � � � � � � � � � � � � = � 
 � � � � 
 � F � , � 
 � � � ! � � , 0 � * � � � = � $ D � � � � � = � , , � 0 � � �

1 H H K J * 1 � � ( � K � � @ 2 � $ j � � � � 
 � � � � � � � 0 � � � � �� � � � � � � 
 � � * , � � � = � , , � 0 ! K ! 1 H H K J * 1 � � ( $

L $ � � � � � � � � , � � : � � � � F � � � � , 
 � � � � � � � � 
 � � � � 
 � � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � 
 � F � � � , � = � �

� � = � � � � = � � � � M � 0 b * � � � � � , , � ! � � � � � 
 = � � � � 0 � 
 � � * , � � � * � � 
 � � 
 F � � 
 � 
 * � F � � � � � � , �

� � 
 � � � � 
 = � � � � 0 � 
 � � * , � � � 
 � � 0 � � � � � � � � � � � � � � � � � � � � � 
 � 
 � � � � , � � � � = 0 � � 
 � F � � � 
 � $

� � & 9 = � *
�

� � � � � B 9 5 � � 1 � 9 � & * - � � � � �
�

- � � & � 9 � � * & � � � 9 �

D � � 6 � � � 0 � , 8 G � * � � � 
 � � � � 
 � ! � � � � � � 0 
 � � � � � 
 , , 
 � � � � � � � � � � � � * F � � � 
 � � �

� $ D � � � � � � = � � � , � : � � 
 � � � � � � � , � � � � = � � � � � � � � = � � F � � � � � � = 
 � � = � 0 � � � � � � � � � 
 � � 
 � � � �

= * � � � � � � � � � � � � � $

E $ D � � � � � , � � � � = � � � � � � � � = � � F � � � � � � � � � 
 � 
 � � � 
 � � , � 
 � � � 0 � � � � � 
 � � = � � � � � � � � � � 
 � $

I $ W 
 � 
 , * F � = � � � � � 
 = = * � � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � $

L $ � � � � � � , � � � � 
 � � � � � � � 
 � � 
 � � = $

� � = 
 � � � � � � � 
 � � � 0 � � 
 � F � � � 
 � � � � 
 � ! � � � � � � � � � � 8 � � � � � � � � , � � � 
 � � � � � � � 
 � � � � 
 � ! � � � � � � �

� � � � � � = � � F � � � � , � 
 � F $ Y � � � � � � � � � � , � � � � = 3 0 � � � � � 
 � � = 5 � � � � � � � � = � � F � � � � � � � � � � � � � !

� � �� � � � �  � � 3 I $ � Z 5

NASA/CR—2001-210715 34



Elastic

f = 0

� �
�


 �
�

� �
� �

�
� �

� �
� �

�
� � 	 � �

� �
�


 �
�

� �

L � � * � � I $ I � J � � � � � = � , G � � � � � � � � � � � 
 � 
 � L , 
 � G * , �

� � � � � � � � � � � 
 � � � � � � � = � , � � � � = � 
 � $ D � � � � � , � � � 
 � � � = � , , � 0 � � � � � 1 ! ( � 2
�

� � @ H H � � 2 1 � * K ! $ 4 �

� � � � � � � � � � � 
 � � � � � � � � 
 � � � � � � � � � � � � � 
 = � � � � 0 � 
 � , � � � 
 � � � � @ � � � � ! � � , 0 � * � = � � 
 � � � � � �

6 � � � 0 � , 8 G � * � � � � , � � � 
 � $ D � � � F � � � � � � � � � � � 6 � � � 0 � , 8 G � * � � � � , � � � 
 � � � � � � � � 
 = � � � � 0 � � � �

� � � @ � � � � ! � � , 0 = � � � � � � 
 � $ D � � � 
 � � * , � � � � � � � � � = � , , ! � � 
 � � � � L � � * � � I $ I $

- � ( � � � � � 9 � � � � * = - � � � & 5 �

L 
 � � � � , � � � � = 8 � � � � � = � , ! � , � � � � = F � � � � � � , � � � � � * � � � b * � � � ! � � , 0 � * � � � = � � � � � � � � F � � � � � �

� � � � � � , ! � � , 0 � * � � � = � � � � = � � � � � � � � � 
 � � = � � � � � � � � � � � � � = � � � ! � � � = � � � = � � ! 
 � � � � F � � � � � � ,

� � ! 
 � 0 � � � ! � � , 0 � � � � � � $ P * � � � 
 � � � � 0 � � � � � F � � � � � � , � � � � � � � 
 � * � � � = � � � � � 0 � . � � � � � � � 0

� � � � � � � � � � � � 
 * � F 
 0 � , � � 
 0 � � = � � � � � 
 � � � � � � � � � � , � * � � � = � � � 
 , � � � � � � 
 � � � � * � � � b * � � � ! � � , 0

� * � � � = � $ P � � 
 � � 0 � � = * � � � � � � � � � � F 
 0 � , � � � � � = � � � � � � � � 
 � , 
 � 0 � � � � � 0 * � , 
 � 0 � � � � � 
 * , 0 � �

0 � > � � 0 $

� � & = � 9 � 5 � � � � � � &

L 
 � � � � � 0 � � � � � F � � � � � � , � � � � � � � � � � � � � � � � � � � � 0 � � 
 F 
 � � 
 * � 
 � � � � ! � � , 0 � * � � � = � � � � � � � �

� 2 K 1 ( * ! # � � 
 = � � � � � 0 � , � � � � = 8 � , � � � � = 0 � � 
 � F � � � 
 � � � 
 � � � � � � 0 $ 4 0 0 � � � 
 � � , � , � � � � = � � � � � � � � � �

� � 
 0 * = � 0 � � 0 � � � = 
 � > � * � � � � 
 � 
 � � � � = * � � � � � ! � � , 0 
 � , 
 � 0 � � � � * � � � = � = � � � � � � � � 
 � � � � � � �

� � � � � � � � � � � � , � � ! � � � � ! � 
 � � � � � * � � � b * � � � , 
 � 0 � � � � * � � � = � $ � � � � � � � � � � � � � � � � � � � 0 � � 
 F 
 � �

� � � 
 � � � ! � � , 0 � * � � � = � � � � � � � � � � @ ! 2 K 1 ( * ! # � � 
 = � � � $ j � , ! � , � � � � = 0 � � 
 � F � � � 
 � 
 = = * � � � � 0

� � � , 
 � 0 � � � � * � � � = � � � F � � � � * � = � � � � � 0 $ D � � 
 � � � � � 
 � � � � � , � � ! 
 � � � � � � � = � � � � � � � 
 F � � , � � � � =

NASA/CR—2001-210715 35



unloading

Loading

Neutral loading

Unloading

loading

 f=0

� � �

�

�

� �

� �

L � � * � � I $ L � 3 
 � 0 � � � + � � � � � � 
 � � 
 � � � 
 � N 8 Y � � 0 � � � � � @ � � � � � � ,

� � � � � � � � � � � � � � � � � � � � � 
 � � � F 
 � � � � , 
 � � � � � = * � � � � � ! � � , 0 � * � � � = � $ D � � � � � 
 = � � � � � = � , , � 0

! � @ � � 1 2 2 K 1 ( * ! # $ @ � � � � F � � � = � , � : � � � � � � 
 � � � 
 � = , � � � � � ! � � � � � � � � = � � � � � � � � � � = � , , � 0 2 K 1 ( * ! #

J � * � � � * 1 � � � 0 F � ! � � � : � � � � � � 0 � ! �

� � \
�

�
�

� � � �
� � � � � \ � � � � � � � �

� � \
�

�
�

� � � �
� � � � � \ � � � � � � � � � � � � � � � 3 I $ � � 5

� � \
�

�
�

� � � �
� � � � 
 \ � � � � � � � � � � �

D � � � � � 0 � � � � � � = � 
 � � � � � 3 �

�
�  � � � � 5 � � � � � 
 * � � � � 0 � 
 � F � , � 
 � � � ! � � , 0 � * � � � = � � � \ $ D � � � �

= � � � � � � � � � � � , , * � � � � � � 0 � = � � F � � � = � , , ! � � L � � * � � I $ L $

� � 9 � � � � � 9 5 / � � 9 = � � � � 9

% * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � � � , � � � � = � � � � 
 � � � � � 
 = � � � � � � 
 � � � � � � � � � � � � � � � � � � � � F � � � �


 � � � � ! � � , 0 � * � � � = � $ @ � � � � F � � � = � , , ! � � � � � = 
 � 0 � � � 
 � � � � : � � � � � � 0 � �

� 3 � � � � � � � � � 5 � \ 3 I $ � � 5

� � � � � � � � � � � � � � 0 � � � � � � � � � F � � � � $ � � � � = � � F � � � � , � 
 � F � � � F � ! � � � � � � � � � � � � �

�
�

� �
� � � �

�

� �

� � � \ � 3 I $ � � 5

D � � � � b * � � � 
 � � � N � 
 � � � � � � � J K ! H * H � � ! J � J K ! ( * � * K ! � � � 0 , � � 0 � � � � � , � � 
 � � � 0 � � � � F � � � � � 
 �


 � � � � F � � � � � * 0 � 
 � � , � � � � = � � � � � � � � = � � F � � � $ D � � = 
 � � � � � � � = ! = 
 � 0 � � � 
 � � � � * � � � � � � � � � �

NASA/CR—2001-210715 36



� , � � � � = , 
 � 0 � � � � � � � � � � � � � � � � � � = * � � � � � ! � � , 0 � * � � � = � � � 0 � � 0 � � � � � � � * � � � b * � � � � * � � � = � �

� � 0 � � � � = � � � � � � � � � � � � � M � � � 0 , 
 = � � � 
 � 
 � � � � ! � � , 0 � * � � � = � � � � = 
 � � � � � � � � � � � � � � � � 0 
 � � � 0

� � � 0 � � � � � � * , � $

� & � = � 9 � 9 � � & ; � � 9 � * & � � � 5 � � /

L 
 � � 
 � N � � � 0 � � � � � F � � � � � � , � � � � � � � � � � � � � � = � � � : � � � � � ! 
 � 0 � � � � � � � � � , ! � � , 0 � * � � � = � � � 0 � � �

! � � , 0 � * � � � = � � � 
 , � � � � * = � � � � � � � � = * � � � � � � � � � � � � � � � � � , � � ! � , � � � 
 � � � $ D � � � � � � � � � � � 
 * �

F 
 0 � , � 0 � � = � � � � � � � � � � � � 
 , * � � 
 � 
 � � � � ! � � , 0 � * � � � = � $ D � � � � � � � = � , , � 0 � � � 0 � � � � � F 
 0 � , � $

B � � � � � � � 5 � & � = � 9 � 9 �

D � � � � � � � � � � F � , � � � � � � 0 � � � � � F 
 0 � , � � 0 � � � � � � 0 
 � � � � � � � * F � � � 
 � � � � � � � � ! � � , 0 � * � � � = �

� : � � � 0 � * � � � 
 � F , ! � � � � 
 * � 0 � � � 
 � � � 
 � � � � � � � � � � , � � � � = � 
 � 
 = = * � � � � � � � 
 � � � � L � � * � � I $ [ 3 � 5 $

� � � � � ! � � , 0 � * � � � = � � � � � � � � 
 � F � 3 � � � 5 � 	
�

3 � �
5 � � � � � � M � 
 � � � � ! � � , 0 � * � � � = � � � � 
 � � � � � 0

� ! � � � � � , * � 
 � 	
�

� � � � = � 0 � � � � 0 � * � 
 � � � � � � � � . � = � � � � � � � , � � � � = � � � � � � 
 � � , � � � � = � 
 � N $

� � 
 � � 
 � � = � � � 0 � � � � � = � � � � 
 � � � � � � 0 � � F � � � � � � , � � � � � � 
 � � � � 0 � � , 
 = � � � 
 � � $

� � � = � � � � , 
 � 0 � � � � * � � � = � � : � � � 0 � * � � � 
 � F , ! 3 
 � � � 
 � � 
 � � = � , , ! 5 � � � = � � � 
 � � = = 
 * � � � 
 � � � �

P � * � = � � � � � � � . � = � � : � � � � � � 0 � ! F 
 � � � � � * = � * � � , F � � � , � $ Y � � = � � � � � � , , � 
 � , � � 0 � 
 � � � , � � � � =

� � � * , � � � � � � = 
 F � , � : , 
 � 0 � � � � � � � � � � � 
 , � � � � � � � � � > = � � � = � � � � � � � � � � � 0 � � � = � � 
 � 
 � � � � � � �

� � = � 
 � � � � = 
 � � � 0 � � � 0 $

� � 9 � 1 & � � 5 � & � = � 9 � 9 �

D � � N � � � F � � � = � � � 0 � � � � � F 
 0 � , � � � * F � � � � � � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � ! � � , 0 � * � � � = �

� � � � � , � � � � � � � � � � � 0 � 
 0 ! � � � � � � � � � � � � � � = � � N � � � � � � � � � � � � � � � � � M � � � � 0 
 � � � � � � � � 
 � � � �

� � F � � � � � � � 
 � � � � � � � � � � , ! � � , 0 � * � � � = � $ T � � � F � � � = � � � 0 � � � � � � � 
 � � � � � � � 
 = � � � � 0 � � � �

0 � � , 
 = � � � 
 � � � , � * � � � � � F � � � � � � , $ D � � � F 
 0 � , � � � � � � � 
 � F

� 3 � � � � � � � 5
� 	

�
� \ 3 I $ E \ 5

� � � � � � � � � = 
 � � � � � � � � 0 � � � � � � � � � = 
 
 � 0 � � � � � � 
 � � � � = � � � � � 
 � � � � ! � � , 0 � * � � � = � � � � � = �

= � � � � � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � 
 � � � � � � � $ D � � � � � � � 
 � � � � � � � � = � , , ! � � L � � * � � I $ [ 3 � 5 $

NASA/CR—2001-210715 37



Initial Yield Surface

Subsequent Yield Surface

(a) (b)

� �

� �

� �

� �

L � � * � � I $ [ � Y � � 0 � � � � � G * , � � � 3 � 5 � � 
 � � 
 � � = i 3 � 5 T � � � F � � � =

P � , � = � & � = � 9 � 9 �

4 = 
 F � � � � � � 
 � 
 � � � 
 � � 
 � � = � � 0 N � � � F � � � = F 
 0 � , � , � � 0 � � 
 � F 
 � � � � � , � � � � = N *
�

� ( & 1 � ( � ! * ! #

N K ( � 2 � � 
 � � , 
 � 0 � � � � * � = � � 
 � = � � � � � : � � � � � � 0 � �

� 3 � � � � � � � 5
� 	

�
3 �

�
5 � \ � 3 I $ E � 5

� � � � � � � � � � � � � � � � , � = � � � 
 � � 
 � F � � � , � � � � � = 
 � = � � � 
 � F � : � 0 � � � 0 � � � � � � � � � � � � = � � � � $ D � �

, 
 � 0 � � � � * � � � = � � � � � � , � � � � � � 0 * � � � 
 � F , ! � : � � � 0 � � � � , , 0 � � � = � � 
 � � i � $ � $ � � � � � � � � � � � � 
 � � � � � � ,

� � � � � $ � � � � F � : � 0 � � � 0 � � � � � � 0 � . � � � � � , � � � , � 
 � P � * � = � � � � � � � . � = � = � � � � � � F * , � � � 0 $

� � � 5 7 � � � � - � & ( � * � � / � � � � � * & � �

% � * = N � � � � � [ � � 0 � > � � 0 � � � � � , � F � � � � � � , � � 
 � � � � � = � � � � � � > � � � � � � 
 , , 
 � � � � = 
 � 0 � � � 
 � � �

� $ D � � � 
 � N 0 
 � � � ! � � � : � � � � � , � � � � = ! 0 * � � � � � � � � � � , � = � � � 
 � 
 � � � � 0 0 � 0 � � � 
 � � 
 � = � �


 � � � � = � � � � � � � 0 � � � , � = � F � � � � � � � 
 0 * = � � � � � � 
 � � � � � � $

E $ D � � � � � � 
 � N � � � � 
 � F � 0 � ! � � � � : � � � � � , � � � � = ! 
 � � � � � � = ! = , � 
 � � � � , � = � � � 
 � � � 0

� � F 
 � � , 
 � � � � � 0 0 � 0 � � � 
 � � 
 � = � � 
 � � � � = � � � � � � � � 0 � � � , � = � F � � � � � � � � 
 0 * = � � � �

� 
 � � � � � � � � � $

NASA/CR—2001-210715 38



D � � � � = � � � � � � � � � � = � , , � 0 � � @ J � � � � H � � 1 � * 2 * � � M K H � @ 2 1 � � $ D � � > � � � � � � 
 � � � 
 � N � � = � � F � � �

0 * � � � � , 
 � 0 � � � � � 0 � � = � , , � 0 H � 1 � * 2 * � � * ! H N 1 2 2 � � 0 � � � � � = 
 � 0 � � � 
 � � � 
 � N � � = � � F � � � � � � � �

� * , , , 
 � 0 � * � , 
 � 0 = ! = , � � � � 0 � � � � � F � 0 H � 1 � * 2 * � � * ! J � J 2 � $ @ � � � � F � � � = � , , ! � � � � � � � � 0 * = � � 


� � � � � \ � � � � � � � i 3 I $ E E 5

� � � � � � \ � � � � � � � � � 	 � � � � 3 I $ E I 5

� � � � � , � � ! � � � = 
 F � , � � � = ! = , � , � � 0 � � 
 � � � � 
 , , 
 � � � � �

3 � � � � � �� � 5 �� �� � � \ 3 I $ E L 5

� � � � � � � � � � � � � � � � � � � � � � 
 � � � � ! � � , 0 � * � � � = � � � 0 � �� � � � � � ! � 
 � � � � , � � � � � � � � � � � � � � � � 0 � 
 �


 � � � � ! � � , 0 � * � � � = � $ D � � � � � = � , , � 0 N 1
�

* N @ N M 2 1 H � * J ( * H H * M 1 � * K ! M K H � @ 2 1 � � $

� � 9 ! � , � � / & 9 = � � � 1 & * � � /

� � � � � � , � � � � = � � � � � � = 
 
 � 0 � � � � � � � � � � * � � � � F � 
 � � 0 * � 
 � � � � � � � � � � = 
 
 � 0 � � � � � � � � � � � 
 � � � �

L � � * � � I $ Z � � b * � � � 
 � I $ E L = � � � � � � � � � � � � � � 0 � � 
 F � � � � = � , , ! � � � � � � = � , � � � � 
 0 * = � 
 � � � � � � � � � �

� � = � � F � � � � � = � 
 � 3 � � � � � �� � 5 � � � � � � � � � � � � � � � = � � F � � � � � = � 
 � � � �� � $ 4 � 
 � � � � � � � = � , � � � � 
 0 * = �

� � 0 � = � � � � � � � = * � � � � � , � � � � � � � � � � � � � � � 
 � � = � 
 � � $ D � � � � � � � , � � ! � 
 � � * , � � � � � � � � � 
 � � , � � 0 �

  
  
  

� � �
� � �
� � �

A

B C

o

o

D

B

C

A

� �

�

�

�

� � �

� � � � � � � � � � �

� � � � � �
� �

� � �

� � � �

� � �

L � � * � � I $ Z � � � � � � , � � ! � � + ! = , � � � � � � � � 6 � � � 4 P + � � 
 0 * = � 0 � ! 9 : � � � � � , 4 � � � = !

� 
 � � � � 
 , , 
 � � � � = 
 � � � b * � � = � � � 
 � � 
 � N � � � 0 � � � � � F � � � � � � , � 3 % � * = N � � � � � Z \ � 5 �

� $ + 
 � � � : � � ! � D � � � � � � � � , ! � � , 0 � * � � � = � � � 0 � , , � � � � * � � � b * � � � ! � � , 0 � * � � � = � � F * � � � �

= 
 � � � : $

NASA/CR—2001-210715 39



E $ W 
 � F � , � � ! � D � � � � � , � � � � = � � � � � � � � = � � F � � � � � = � 
 � � � � �� � F * � � � � � 
 � F � , � 
 � � � ! � � , 0

� * � � � = � � � � � F 
 
 � � � 
 � � � � � 0 F * � � , � � � � � � � � � � 0 G � = � � � � 
 � F � , � � � � = 
 � � � � $

� � � � 	 � 	 � 	 � 	 � � 	 � � � � 	 � � 	 � 	 � �

j � � � � ! � � � � , 
 � 0 � � � � � � � 
 � ! � . � = � � � � � = 
 � � � � � * � � � � � � , � � � 
 � � � � � � 
 * � � � 1 � � H � ! H * � * E * � � i

� � � 0 � � 
 � F � � � 
 � � � 
 0 * = � 0 � ! � � , 
 � , 
 � 0 � � � � � � � � � 0 � . � � � � � � � , F 
 � � � � � � � � � � , ! � � � � � � � � � � �

� � � � � � 
 0 * = � 0 � ! � � � � 0 � � � � � � � � � $ 4 � � � � � = * , � � F � � � � � � � � � � 
 � 
 � � � � � � F � 0 � � � � 0 � � = � � � � � �

� � = � � � � � � � � 0 � � 
 � F � � � 
 � � � , , � � � � � � � � , � � � = � � � � � � � � � F � � � � = 
 � � � � � � � � � � � � i = � , , � 0 J � � � M $

� � 2 1
�

1 � * K ! � 
 � � � � 
 � � � � � � � 0 � � � � � 0 � = � � � � � � � � � � � � � � � � � � � F � � 
 � � � � � � � � � � � � � $

@ � � ! � � ! � � = � , � � 0 = � � F � = � , � � 
 = � � � � � � � F � � � , � � � � � � � � F � , , ! � = � � � � � � 0 � � 0 � � � = � � � �

0 � � � � 0 � � = � 
 � F � � � � � � , � � � � � � 
 � 
 � � � F � � � � � * � � $ L 
 � F 
 � � F � � � , � � = � � � � � � � � � � F � , , !

� = � � � � � � 0 � � � � � � � F � � � � � * � � � � � � � � � � � � � � I \ � 
 � � � � F � , � � � � � � F � � � � � * � � $ + � � � � = � �

= � * � � � � � , * � � � � � � � � � 0 * � � 
 � : = � � � � � � 0 � � 
 � F � � � 
 � 
 � = � � � � � * � � * � � $ D � � � � � � 
 = � � � � � � � �


 � � � � � 
 � � � � � 0 � ! � � �  � � & � ! * @ H � 1 � � � � @ 1 � * K ! � � � � = � � � � � � � � � � � , � 
 � F

�� � � � � � � � 
 
 � 3 I $ E [ 5

� � � � � �� � � � � � � � � � � � 0 ! � � � � � = � � � � � � � � �  � � � � � � � = � � � � � � 
 � � � � � � ! � � � � � K 2 � � N 1 ! ! � H J K !
�

H � 1 ! � � � 0 � � � � � � � � � 
 , * � � � � F � � � � � * � � $ D � � � � � � � � � � � � � � � � ! 
 � � � 
 � N 8 � � � 0 � � � � � F � � � � � � ,

� � � � , � � � = � � � � � � � � � � � � F � � � � � * � � $ D � � � � 
 � � � b * � � � 
 � � � � F � � � � � � � � � � = � � , � � � � � � � F * , 8

� � � � 
 * � � � � � � � � � � � � � 
 � 
 � � � � � � � � � � � � � � � � � � ! � � 0 � � � � � F � � � � � * � � � � � � � � � � � � ! 
 � F � � � , , � =

F � � � � � � , � $

4 � � , � � � � � � � � � � � ! 
 � � � � � � � � � � � � � � � � 0 � � � � 0 � � = � 
 � F � � � � � � , � � � � 
 � � � 
 � � � F � � � � � * � � � � 0

� � � � � � � ! � � � * F � � � � � � � � � � � � � � � � � � � � 0 0 � � � 
 � � 
 � � � � � � � � 0 � � F � � � � � * � � � 0 � � � � 0 � 
 � � �

� � � � ! 
 � � � � � � � , � � � � � $ D � � � � � � � � � � , � � � � � = � , , � 0 * ! � � � ! 1 2 � 
 � � � 0 0 � � � � � � � � , � � � � � � � * � * � , , !

� � N � 
 � � = � , � � 
 � � � = 
 � 0 � � � N � � � � 
 � � � , * � � $ D � � � � � � � � � � � = = 
 � 0 � � � , ! � � � � � � !

� � � 3 � � �
� � �

� � 5 � 3 I $ E Z 5

4 � 
 � � � � � F � 
 � � � � � � . � = � 
 � � � � � � 0 � � F � � � , � � � = � � � � � � � = � 0 � � � � 0 � 
 � � � � � � � , � � � , � � 0

� � F � � � � � * � � $ G � � � � � 0 � � � � 0 � � � � , � � � � = � � ! 0 
 � � � 
 � � � � � � � � � � � � � � � � . � = � � $ D � � � � � = � � 
 �

NASA/CR—2001-210715 40



� � � � � � � � � � � � � � � � , � � � � = � � , � � � � F � = � � � � = � � � � � , � � 0 � 
 � � � � � � � � � � , � � � � � � , � � � � 
 � ! 
 �

� , � � � � = � � ! $

# ! # !  � ' � ' � + , - � 3 � 4 3 � , ' 1 3 � & ' 4 � + � 3 4 1

P � � 
 � � � � 0 � � = * � � � � � � � � � � � � , � � � � � � , � � � � � � 
 � = � � � � � � � � = � � � � � ! � 
 , � ! 
 * � � � � * � � � � � � � ,

, � � � � � � � F * � � � � 
 � � ! � 0 0 * � � � � � � ! � � 
 = � � � � � � � � � 0 , � � � 
 � � � � � � 
 � � � � � � � 
 � � � � F � � � � � � ,

� � � = � � � * � 0 � � � 
 � � � � � � � � 
 = � � � $ D � � � � � � � > � � � * = � � � � � = � � , � � � 
 � � = 
 � � � 0 � � � 0 � � � , � � � � = � � !

� � � 
 � ! 3 T � � � � � 0 Y * � � � � � � � [ � 5 $

� � 9 � � � ! & � � � 9 � � P & � �

4 = = 
 � 0 � � � � 
 � � � , � � 
 � J K ! H � � E 1 � * K ! K � N 1 H H � � 
 F � � � = � � � � = � � � � � 0 
 � 0 � � � � 
 ! � 0 � � �

� � � � � � 
 , * F � E 
 � � � � F � � � � � � , � � � � = � , � � 0 � � 


� � � � � � � � � � � � 3 I $ E � 5

� � � � � � � � � � � F � � � � � � , 0 � � � � � ! $

� � 9 � � � ! & � � � 9 � � P � 1 � 9 � � 1

D � � � � � � 
 � = � � � � � 
 � � 
 � � , F 
 F � � � * F 
 � � � ! � � � � � � � � 
 � � � � � � = , � � � b * � , � � � � � � = � 
 � � � , � * F


 � � , , � � � � 
 � = � � � = � � � � 
 � � � � � � � � 
 � � � � � � = , � � $ L 
 � � � � � 
 � � � � � � = , � � � � � � = * � � � � � , ! 
 = = * � � � �

� � � � � � � , � 
 , * F � � � � � � � � � * � � � = � � � � = � � 
 � � � 0 � � � � 
 0 ! � 
 � = � � � = � � � � 
 � � � � � � � � , � � , � � 0 � � 


� � � � � � � � � � � � � 3 I $ E � 5

� � � � � � � � � � � � � � � � 
 0 ! � 
 � = � � � � � * � � � � 
 , * F � � � 0 � � � � � � � � � � = 
 F � 
 � � � � � 
 � � � � � = = � , � � 8

� � � 
 � 
 � � � � � 
 0 ! $ 9 b * � � � 
 � � I $ E � � � � � , � 
 N � 
 � � � � � � � 2 K J 1 2 � � @ 1 � * K ! H K � � � @ * 2 * � � * @ N $

� � 9 � � � ! & � � � 9 � � 4 9 � � * & � P � 1 � 9 � � 1

D � � � � � � � = � � , � � � � , � 
 � � � � � � � , � M � � � 
 � 
 � W � � � 
 � � � � � = 
 � 0 , � � 
 � F 
 � � 
 � � 
 � = 
 � � � � * * F

F � = � � � � = � $ � � � � � � � � � � � � � � � � � � � 
 � = � � � � � 
 � F 
 F � � � 
 � F 
 F � � � * F � 
 � � � ! � � � � � � � �

NASA/CR—2001-210715 41




 � � � � � � = , � � � b * � , � � � � � � = � 
 � � � , � * F 
 � � � � F 
 F � � � � � = � � � � 
 � � � $ @ � � � � F � � � = � , , ! � � � �

� � � � = � � , � 
 � J K ! H � � E 1 � * K ! K � 1 ! # @ 2 1 � N K N � ! � @ N = � � � � � � � � � 0 � �

� �
3 � � � � 
 � � � 
 5 � � �

� �
3 � � � 
 � � � 
 5 � � �

� �
3 � � � � 
 � � � 
 5 � � 3 I $ E � 5

� � � � � � � � 
 � � � � � � , � � � � � � 
 � � � � � � � � � � � � = � � 
 � � 
 � = � � � = � 
 � � � 0
� � � � � � � � 
 � � � � 
 � � � = � 
 � 
 �

� � � � 
 0 ! 3 � 
 , * F � E � � = , 
 � � 0 � ! � * � � � = � � 5 * � 0 � � = 
 � � � 0 � � � � � 
 � $ D � � � � � , 
 � � � � � � � b * � � � 
 �

I $ E � � � � � � � , � � � � � � � � � ! F F � � � ! 
 � � � � � � � � � � � � � � 
 � $ � $ � $ � � � � � � � $

� � 9 � � � ! & � � � 9 � � � 9 � � � / � $ U � � � � � � � & ; � � $ U � � 1 � = / 9 & 1 � 5 �

9 : � � � � � � � � : � � � � F � � � � , 
 � � � � � � � � 
 � � � � 0 � = � � � � � � � � � � � � ! = � � � � � � � � � = � � � � � 0 
 � 0 � � � � 
 ! � 0

� � � � � * � � � � � � � � � * � = � � 
 � , ! � � � � � � � � 
 � F � 0 � � 
 F 
 � � � 
 � F � 
 � � 
 � � � � $ L 
 � � = , 
 � � 0 � ! � � � F

� � � � 
 � � , � � � � 
 � � 
 � N 0 
 � � 
 � � � � � ! � � � F � ! � , , � � � � : � � � � � , � � � � = � � � F * � � � b * � , � � � � � � �


 � � � = � � � � � 
 � � � � � 
 � � , � � � � � ! 
 � � � � � ! � � � F $ D � � � � � � � = � � , � � � � , � 
 = � , , � 0 � � � C � H � 2 1 � K �

� & � � N K ( � ! 1 N * J H $ � � � � = 
 � � � 0 � � 
 � , ! F � = � � � � = � , � � 0 � � � � F � , � � � � � ! � � � = , 
 � � 0 � ! � � � F �

� � � > � � � , � � = � � � � � � � � � � � � �

� �� � � � � �� � � � � � � � � � � 3 I $ I \ 5

� � � � � �� � � � � � � � � � � � � , � � � � � ! � � � * � � � � 
 , * F � �
�

� � � � � � � � � � � � , � � � � � 
 * � = � � � � * � � �

� 
 , * F � � � � � � � � � � � � � � � � * : 
 * � 
 � � � � � ! � � � F � � � 
 * � � � � � � 
 * � 0 � � � � � � � � 0 � � � �� � � � � � � � � � � � �

� � � F � = � � � � = � , � 
 � N 0 
 � � � ! � � � � : � � � � � , � 
 � = � � � � � � � � � 
 � = 
 � � � � � � 0 � � � 
 N � � � � � = � � � � � ! $

� * & � � � � � � � � U � 1 B 9 � � � & * � � / � $ U � � � 5 � 9 = � & ; � � $ U � � 1 � = / 9 & 1 � 5 �

D � � H � J K ! ( 2 1 � K � � & � � N K ( � ! 1 N * J H , � F � � � � � � 0 � � � = � � 
 � 
 � � � � � � � � � ! � � � � � � 
 � F � � � 
 � $ � � � � 8

� � � � � � � � � � � 
 � F � � � 
 � 
 = = * � � � � � � � � � � � � � � � � � 
 , � � 0 F * � � 
 � � ! � � � > � � � , � � $ � � � � � � � � �

� : � � � � F � � � � , , ! 
 � � � � � � 0 � � � � � � � , � � 
 F � � � � � � � � � � � � � � � 
 � F � � 
 F 
 � � � ! � � � 
 � � 
 � � � � � � � � � �

� � � 
 � � � � � ! � � � 
 � � � � � � � 
 � F � � � 
 � � � � � � � � � � F � 
 � � � � , � $ L 
 � � : � F � , � � � � � � � 
 � = � � 
 = = * �

� � 
 F � � � � F � � � ! � � � F � 
 � = 
 , 0 � � � ! � � � F � � * � � � � � � � � � � � � � � � � 
 � = � � � � � � � 
 = = * � $ D � �

N � � � � � = � � � � � ! 
 � � F 
 � � � � � 
 0 ! = � � � � = 
 � � � � � � 0 � � � 
 � � � � � ! � � � = � � 
 � � � * � � � � � � � � = � * � � 0

� ! � � � = � � 
 � = � � � � � � � � � = 
 � � � � � � 0 � � � 
 N � � � � � = � � � � � ! $ � � � , � � � � > � � � , � � = � � � 
 � 0 � � = � � � �

� � � � � 
 � � � � � � � � 
 � � � � � � � � � � � � = 
 � 0 , � � � � � � � 
 � � � � � � � � � 0 � � � = � � 
 � � , � � � � 
 F � � 
 � 
 � � � � � � 0

� � � � � � � � � � ! � � � � � � 
 � F � � � 
 � � � 
 = � � � � � $

NASA/CR—2001-210715 42



D � � � � = 
 � 0 , � � � 
 � � * , � � � � � � � � � � � � � � : � � � � � � � � � � � * � = � � 
 � = � , , � 0 � � � � � � � 
 � ! i � � � = � � � � �

� � � � � � 
 � ! � � � � � � � � !

  �  �
�

 � �

� �

�

� �

�
� 
 � � � � � � � � � � , � � � 
 = � � �

  �  �
�

 � �

� �

�

� �

�
� 
 � � � � � � � � � � � � � , � � � 
 = � � �

� � � � � � � � � � � � � � � � � � � * � 0 * � � � � � � � � � 
 = � � � � � � � � � � F � � � � � * � � � � � 0 � � 0 � = � � � � � 0 E

0 � � 
 � � � � � � � � � � � � � � � 0 � � 0 � � � � 
 � � � � 
 � � � � � � 
 = � � � $ � � = � � � � � � � � � � � � � � � = � � � � � � �

� � � � 
 � ! 
 � � � ! � � � F = � � � � � � � � � � � � � � � � � i � � � � M � � 
 � 
 � � � � � � � � � � , � � � 
 = � � � � � 0 � 
 � � � � � � � 
 �

� � � � � � � � � � � � , � � � 
 = � � � $ � � 
 � , ! F � = � � � � = � , � � 0 � � � � F � , � � � � � � � � � � � = 
 � � � 0 � � � 0 � � � � � � = 
 � 0

, � � = � � � � � � � � � � � � �

� ��
� �

�

�
� 3 � �

�
5

�
� \ 3 I $ I � 5

� � � � � H � � � � � � � � = � > = � � � � 
 � ! $ D � � � � � , � � � 
 � � � = � , , � 0 � 2 1 @ H * @ H
�

� @ & � N * ! � � @ 1 2 * � � $ 
 � � � �

� b * � � � 
 � I $ I \ � � = � � � � � , � F � � � � � 0 � � 0 � � � � �

� � �� � � �� � � � � �� � � �
�

�
� � � � � � \ � 3 I $ I E 5

P ! � � � � 
 0 * = � � � � � � � � F 
 0 ! � � F � = � 
 � � � � � � , � � = � , , � 0 � � � � � 2 N & K 2 � � � � � � � ! � � # � � � � � � � � !

� � � � � � � � � = � � � � � � � � � � b * � � � 
 � I $ I E � �

� �
�� � � �

�
� � � � � �� � � �

�

�
� � � � � � \ � 3 I $ I I 5

� � � � � � F 
 0 ! � � F � = � � � � � � � � � � � � , � � � � � ! � � � � � � 
 � ! � � � � � � � * : � � � 0 � � � � � � � � � � � � �

� , , = 
 � � � 0 � � � 0 � � � � � � * � = � � 
 � � � � � � = � � � � 0 � � � � F � � � 0 � ! � � � � � � � � � � � � � � , � � * � � � � H � 1 � �

� � @ 1 � * K ! H 
 � J K ! H � * � @ � * E � � � @ 1 � * K ! H $

# ! # ! � � � ) ' � � + , � + � 3 + � , ' 1 � � ' � ' � + , � � ' � � 6

� � � � � � F 
 � , � � � � = � � ! � � � � � � � � , � � � � � ! � � � � � � 
 � ! � � � � 0 � � � � � * : � � = � � � � � * , , ! 0 � � = � � � � 0 � !

� � � = * � � � � � � � , * � 
 � � � � � � � � � 0 � � F � � � � � * � � $ D � � � � � * � � � 
 � � � = 
 F � � F 
 � � = 
 F � , � : � � � �

0 � � 
 � F � � � 
 � � � � � � , � � � � = $ Y � � � � � � � 0 0 � � � 
 � � 
 � � � = * � � � � � � � , * � � 
 � � � � � � � � � � � � � � � , � � � � � �

� � � � 
 � ! 
 � � � � 0 � � 
 � F � � � 
 � � � � , � 
 � F � 
 � � � � � $ D � � � � � b * � � � � � 0 � � � � � ! � � � F 
 � � � � � � � � � � � � � , � �

� 
 0 � � = � � � � � � � 0 � � 
 � F � � � 
 � � � � � 
 � ! $ � � � � � � � ! � � � 0 � 
 � � * F � � � � � � , , 
 � � � � � � , � � � � � � � � � �

NASA/CR—2001-210715 43



� � � � � � , � � � � 
 F F � = � 
 � = 
 � � = 
 � � � � � � � � 
 � � � , 
 � � $ @ � = � 
 � = 
 � � = 0 � � 
 � F � � � 
 � = 
 � � � 0 � � � � � 
 � � � � �

� � � 0 � 0 � � 0 � 
 F � � � � * F � � � 
 � � � � � � � 
 � � F � 0 � � 
 * � � = � � � � � � F � = � 
 � = 
 � � = 3 
 � � � � � � � , � 5

� � � � � � , � � � � � � � � � � � � � � � � � � � 
 � � � � F � = � 
 � = 
 � � = � � � � 
 F � � 
 � $ 4 � � � � � � � � � � � � � � � � � � , � � � � �

= � 
 � � � � � � � F � � � � F � � � = � , � 
 � F � 
 � � � � = 
 � � � � � * � � � � � b * � � � 
 � � � � 
 * , 0 � � 0 � � � � F � � � 0 $ D � � �

� � � 
 , � � � � : � � � � F � � � � , � � � , * � � � 
 � � � 0 F � � � � F � � � = � , � 
 � F � , � M � � � 
 � � � � � = � � � � � F � � � � � � � � !

= 
 F � , � : 3 3 * � , � � � � � � � � \ � 5 $

� � � � � � F 
 F � = � � � � = � � � � � � � � � � � � � � � � , � � � � � � 0 � � � � > � 0 � ! * � � � � � � � = 
 � = � � � 
 � * ! � � � ! 1 2

� � � � � � , � � $ � � � � � 
 � � * , � � � 0 � � � � � � � = * � � � � � � � � � � 
 � � � � � � , � � � � = � , , ! 0 � � 
 � F � 0 � 
 , � 0 = � �

� � 0 � � � � F � � � 0 � ! � � � = * � � � � � � � , * � � 
 � � � � � � � � � � F � � � � � * � � � � � 0 � � � � 
 � � � � � � � � , � � � � � � , � � $

D � � � � � � 
 � ! 
 � 0 � � 
 � F � � � 
 � � � � � 0 � � � = � , ! � � = , * 0 � 0 � � � � � � � 
 , * � � 
 � 
 � � � � � � � � � � � � � , � � � � � � , � � $

@ � � � � F � � � = � , , ! � � � � � = � � � � � � � � � 0 � �

� � � 3 � � �
� � �

� � 5

� � � 3 � � �
� � �

� � 5 3 I $ I L 5

� � � 3 � � �
� � �

� � 5

� � � � � � � � � � � � E � $ $ $ � � � � � � � � � � � � , � � � � � � , � � � � � = � = � � � � � = � , � � � � � � = � 
 � � 
 � � � � � 
 � � $ D � � � �

� � � � � � , � � = � � � � = 
 � � � 0 � � � 0 � � � � 
 = � � � � 
 � � � � i 3 � 5 M & � H * J 1 2 � � � � � � , � � 0 � � = � � � � � � � � � � � � � = � �


 � , 
 = � , � � ! � � = 
 8 = � � F � = � , � � � * = � * � � � � � = � F � ! = � � � � � � � 
 � � � � � 
 * � , ! � � � 0 3 E 5 F � � � � F � � 8

� = � , = 
 � � � � * = � � 
 � M & � ! K N � ! K 2 K # * J 1 2 E 1 � * 1 � 2 � H � � � � � � = � = � � � � � � � * � = � � 
 � � , 0 � � � � 0 � � = � 
 �

� � � � � � 3 
 � � � � � � � 5 
 � � � � � � � � � � � , � � � � � � , � � � � � 0 � � � � � � � � � � b * � � � 
 � � � � � � � � * F � 0 � 8 � � � 
 � � $

$ U � � 1 � 1 � 5 U & 9 � 5 & * 4 � � � 5 � �

4 � � � @ * 2 * � � * @ N H � 1 � � 
 � � � ! � � � F � � � � � � � � � � � � � � � � 
 � � � 0 � � = ! � 
 = � � � � � � � � � 
 * � � = � � � � �

� � � : � � � � � , = 
 � � � 
 , � $ D � � , 
 = � , � � � � � 3 �
� � �

� 5 F � ! � � = � , , � 0 � 2 K J 1 2 � � @ * 2 * � � * @ N H � 1 � � � �

� � � � � � � � � � , � � � � � � , � � � � F � � � = 
 � � � � � � � � � = 
 � � � � � � � � � � � � � � 0 � � F � � � � � * � � $ D � � � = � � � �

F � � � � F � � � = � , , ! � � � � � 0 � �

�� � � � 3 �
� � �

� 5 � \
�

� � �
�

E
�

� � � � � 3 I $ I [ 5

� � � � � , � � � � = = 
 � � � � * * F � � � � � ! , 
 = � , � � � � � � � � � � b * � , � � � � * F � � � � � � � � 
 * � � � � � = 
 � � � � * * F

� � � 0 � 
 � � � � , 
 � � , , ! � � � b * � , � � � � * F $ j � � � � 
 � � � � � � � 0 � � : � � � � � = � 
 � ! K !
�

� � @ * 2 * � � * @ N � � � � � �

NASA/CR—2001-210715 44



� � � � � � � � � � � � , � � � � * � � 
 � � � � � 8 0 � � � � 0 � � � � � � , � � � � = = 
 � � � � * � $ � * = � � � � � � � � � 
 , � � � � � � F �

� ! F � � � � 
 � * � � � E � � H * � 2 � � � 
 = � � � � � � 
 � � � � = � = � � � � � � 0 � � , � : � � � 
 � � � � � : � F � , � � $ Y � � = � �

� � � � � � � F 
 F � = � � � � = � 
 � � � � , � � � � = = 
 � � � � * � � � , 
 � � � � 
 � � � 0 
 F � � � 
 � � & � � N K ( � ! 1 N * J H K �

* � � � E � � H * � 2 � M � K J � H H � H 3 3 * � , � � � � � � � � \ � 5 $

# ! # ! # � ' � ' � + , 3 � ' � � , � � - � ) ' � ) 3 + ,

4 � � � � � � , = 
 � = � � � 
 � � � � � 
 � � 
 � � � � � � , � � 0 * � � 
 G � = � � � � � \ � � � � � � $ L � � � � � � � � � � � � , � M � 0 � 
 �

� 
 � � � � � � , � � 0 � > � � 0 � � � = � � � � � � * F � 0 � 
 0 � � � � 0 
 � � � � � � � � � � � � � � � � F � � � � � * � � � � 0 � � � � 
 �

� � � � � � � , � � � � � � , � � $ D � � � 
 � � � 0 � � 
 , * � � 
 � , � � � = � � � � 
 � � � � � � 0 � ! � � F � , ! 0 � . � � � � � � � � � � �

� � � � � 
 � � � � � � , $

L 
 � � � � � � � � � 
 � F * , � � � 
 � � � � � � � � , , ! � � � Y � , F � 
 , � M � � � � � � � � � ! � � 3 � � �
� � �

� �� �
�

� � 5 � � * � � 0 � � � � �

� � � � � � , � M � 0 � 
 � � � � � � , $ D � � � � 
 � � � � � � , � � = 
 � � � : � � 0 � � � F � = � � � � = � , � � 0 � � � � F � , b * � � � � � � � �

= � � � � 
 � � � � � � 0 � � � 
 , , 
 � � �

� � � � �
�

� � �� � �
� � � �

�

� �
� � � � � �

�

�
� � � 3 I $ I Z 5

L 
 � � � � � � � � � 
 � F * , � � � 
 � � J � � � � � = 
 F � , � F � � � � � ! � � � � � � � � � ! 3 � 5 � � � � � � � !

� 3 � � � � � � � � 5 � � � � � � � � � 3 I $ I � 5

� � * � � 0 � � � � � � � � � � � , � M � 0 � 
 � � � � � � , � � � 
 F � � � = � � � � � � � � � � � � � � � , � � = � � � � 
 � � � � � � 0 � �

� � � � �
�

� � � � �
� � � �

�

� �
�

� � � � �
�

� � � � 3 I $ I � 5

L * � � � � � � � � � � � 
 , * � � 
 � � � � 
 � � � � � 0 � ! � � � ( * H H * M 1 � * K ! M K � � ! � * 1 2 � � 3 � � � � D � � � 5 � �

�� �� � � �
�

� � � � �
�� � � � �

�

� � � � 3 I $ I � 5

# ! # ! � � � ) ' � � + , � + � 3 + � , ' � � ' � � 6 � 	 � 3 1 4 � � , + 1 ) 3 4 3 ) 6

@ 
 � � � � � � � � = � � � � * � � � � � � � � F � � � = 
 � , � � � � = � � ! � � � � � = , � � � � = � , � � � � � � � � � � � � � � 
 0 � � 
 � � � � �

0 � � = � � � � � 
 � 
 � � � � � 8 0 � � � � 0 � � � � � � � � � 
 � � � � � � � � , , 0 � > � � 0 ! � � , 0 = � � � � � � 
 � � � * � � � � � * � � � � � �

� 
 � * � � � � � � � , $ j � � � � � � � 
 , , 
 � � � � P 
 0 � � � � � � Z � � � * � � � � � � � � F � 
 � � � � � , ! � 
 � 8 , � � � � � � � � � � � 
 � �

NASA/CR—2001-210715 45



� � � � 
 * � � � � , , 0 � > � � 0 ! � � , 0 � � � � � � � = � � � � = � � � � � � � = 
 � F � � � , � � � � � � = � � , , ! � � � � � � � � � � F � � � � 8

� * � � � $ D � � � � � � � * � � > � 0 F 
 0 � , � $ W � � � � � � � , � � � � � 
 � � 
 � � � � � � � � � � * � = , � � � � � 
 � � � � � � � � � � � ,

� � � � � � , � F 
 0 � , � 3 3 * � , � � � � � � � � \ � 5 $

� * & � � � 5 & *  � � 5 � � * & � � � 5 � � /

� * � � 
 � � � � � � � � � = 
 � � � � * 
 * � � * � = � � 
 � � 3 �
� � �

� 5 � * = � � � � � � � � � � � : � � � � � � � � � 
 � � � � � � � � �

� � � = � � � � � � � 3 �
� � �

� 5 
 \ � � 0 �� �� � � \ � � � � � � 3 �
� � �

� 5 � \ � � � � � � � � � � � 
 , 0 � * � � � = � � �

� � � � � � � � � � � � = � � � 0 � � � � , � � � � = � � � � 
 � � 
 � F � � � � � � � � � � 
 � $ D � � � 0 � > � � � � 
 � 0 
 � � � 
 � � � b * � � �

� � F * , � � � � 
 * � � � � � � � � � � 
 � � , , � � � � � � � � � � , � � � � � � , � � � � � � 3 �� � 5 � � � � � � , � � � � = � � � � 
 � $ Y � � = � �

� � � � 
 F � � 
 � , � N � � � � � � � 8 � � � � � � � � � = � � � b * � � � � � 
 , * � � 
 � 
 � , 
 = � , � � � * = � * � � � � � , � � � � F � � � � � � ,

� � � � � � � � 8 � � � � � = � � � � � � � � � � � � � � 0 $ Y 
 � � � � � � � � � � � � 
 � � F � 
 � � � � = � 
 � , ! � 
 � � � 
 = � � � � � � � 
 � �

� � F � � = � , � � � = 
 F � � � � � , � � 
 � � � � � , � : � � � 
 � � � F � � 
 � � � � � � � 8 � � � � � $

D � � 0 � � � � 0 � � = � 
 � � � � � � � � � � 
 , 0 � * � = � � 
 � 
 � � � � � � � � � � � , � � � � � � , � � � � 0 � � = � � � � � � � � & 1 � (
�

� ! * ! # � � 
 � � � � � � � 
 � � � � F � � � � � � , $ % * � � � � � � � 0 � � � � � � � � � � � � � � � 
 , 0 � * � = � � 
 � 0 � = � � � � � � � � 
 F

� � 
 � � � � � � � � , * � � 
 � � � 0 M � � 
 � � � = 
 � � � � � � � � � � � � � � 0 � � F � � � � � * � � � � � � � � � �� 
 \ $ � � F � , � � , ! �

� 
 � � � � � � � � � = � � � � = � � � � M � 0 � ! �� � \ $ � � � � � , � F � � � � � = � � � �� � \ � � $ � $ � � � � � 0 � � � � 0 � � � 
 � � �

� � 0 � � � F � � � � � � , � � � � � � � = � , ! � , � � � � = F � � � � � � , $

� 9 � � � =  � � 5 � � * & � � � 5 � � /

4 = = 
 � 0 � � � � 
 P 
 0 � � � � � � Z � � � ! � � , 0 � � � � � � 
 � � � � � � � � � � 
 � � � 0 � � � � 0 � � � = � � � � � � 
 � � * � � � �

= 
 � � � b * � � = � 
 � � � � � � � � , = 
 � � � � � * � � � � , � � 
 � � � � F � � � � � � , � � � � � � 
 � $ � � � = � � � � � � � \ � � � � � � � � � ,

= 
 � � � � � * � � � � F 
 0 � , � � 
 � � � � � � � � 8 0 � � � � 0 � � � � � � , � � � � = � � � � � � 
 � 
 � F � � � , � � � � � � � � � � 
 � F * , � � � 0

� � � � 
 * � � � 
 � F � , � ! � 
 � � � � � � 
 � � � � � � � 
 , 0 � * � � � = � $ D � � � � F 
 0 � , � = � � � * = = � � � � * , , ! � � � � � � � � �

= � � � � � � � � = � � , , ! * � 0 � � � � � � � � F � � � � � * � � � � � � 
 * � � 0 � = 
 F � 
 � � � � 
 � 
 � � � � � � � � � � 
 � , � � � � = � � 0

= � � � � � � � � � � � $ D � � ! � � � � = 
 � � � b * � � � , ! = 
 F � � 
 � � N � 
 � � � � @ ! * C � ( � � � = 
 � , � � � � = � � ! F 
 0 � , � �

� � 0 � � � � � � � � = * , � � , ! * � � � * , � 
 � � � � 0 � � = � � � � � 
 � 
 � � 
 0 � � � * � 0 � � � 
 � � � � � � � � > = � � � � � F � � � � � * � �

= � � � � � � $

6 � � � � � � � � � � � F � , � � � * � � > � 0 F 
 0 � , � � 0 * � � 
 P 
 0 � � � � � 0 6 � � � 
 F � � � � E � � � � [ � � � � � � = � � � �

NASA/CR—2001-210715 46



� 
 � � b * � � � 
 � � � � � � � � � � � !

�� �� � � �  � � 3 I $ L \ 5

� � � � �

� � � 3 �
� �

�
�

� 5 3 I $ L � 5

� � 0 �
�

�
�

� � � F � � � � � � , � � � � F � � � � � � � 0 � 0 � � � � 0 � 
 � � � � � � � , � � � � = � 
 � � � 3 �� � 5 $ D � � � � � �

� b * � � � 
 � � �

�� � � � � � �� �� � � E � � � 3 � �
�

� � 5 � 3 I $ L E 5

Y � � � � � � F � � � � � * � � 0 � � � � 0 � � = � � � � = � � � � � 0 � � � 
 * � � � � F � � � � � * � � 8 0 � � � � 0 � � � F � � � � � � , � � � � F 8

� � � � � $

@ 
 � � � � = � � � , ! � � 
 � � � � � � = � � � 0 * � � > � 0 � � � = 
 � , � � � � = F 
 0 � , � � � � � � 0 � � = � � � � F � � ! � � � � * � � � 
 � � � �

� � � � � � 
 � 
 � F � � � , � � � � , � � � � � 0 � � F � � � � � * � � � � � � � � � � � 0 � � � , 
 � � 0 $ 4 � � 
 , 0 � � 0 � � , � � � � � � � L �

0 � � � , 
 � � 0 � � � ! � � 1 2 * � � ( � * H J K M 2 1 H � * J N K ( � 2 � * � & � K � � ! � * 1 2 � � � @ J � @ � � 3 J f � 6 � 5 $ � � J f � 6 � �

� � � � 
 � � , � � � � � � � � 0 � = 
 F � 
 � � 0 � � � 
 � , � � � � = � � 0 � � � , � � � � = � � � � � � � $ Y 
 � � � � � � � � � � � � � , , * � � > � 0 � �

� � � � � � � � � � � � � � � � � � , � � � � = � � � � � � � � � 
 � � * � � � � � 0 � = 
 F � 
 � � 0 � � � 
 � , � � � � = � � 0 = � � � � � � � � � � � $

� � � � � � * , , ! � � � 
 = � � � � � � � F * , � � � : � � , � � 
 � 8 � � 
 � � � � F � , � � 
 � 8 , � � � � � N � � � F � � � = � � � 0 � � � � � F 
 0 � ,

� � � � � = = 
 * � � � � 
 � F 
 � � � � � � = � � 
 � � � F � � � � � * � � � � 0 � � � � 8 0 � � � � 0 � � � � � � , � � � � = 0 � � 
 � F � � � 
 � $

D � � � � � � � � � � � � , � � � F 
 0 � , � � � � � � F 
 0 � > � 0 � � � � � = * � � � � � � 
 � N � � 0 � � , , � � � � � � � � � � 0 � �

0 � � � � , � � + � � � � � � L $

� � � � 	 � 	 	 � � � � 	 � 	 � 	 � 	 � � �

� � � � = , � � � � � � � � � � � % = � � � 
 � � � � � � � � � � � � � 0 � ! � � � = , � � � � = � , @ � � � � ! � � , 0 = � � � � � � 
 � � � � �

� � � � � 
 = � � � � 0 � 
 � � * , � $ D � � � � � 
 F � � � * � � 
 , 
 
 N � � F 
 � � � � � � � � , = 
 � � � � � * � � � � F 
 0 � , � � � � �

= � � � � � � � � � � � � � � � � � � � � ! � � , 0 � � 0 � 
 � � � � � � � 
 � 
 � � � � F � � � � � � , � � � � � � : � � � � � � � % � . � = � $

G � � � � � � 0 � � � � � � � � 
 F � � 
 � F � 
 � � � � � � � 
 , 0 � * � = � � 
 � � � 0 � > � � � � 
 � � 
 � � 
 � � � � 0 � 
 � � * , � � � � � �

� � � � � � � � * � � 0 � 
 = � � � * � � 0 � . � � � � � � � � � = � � 
 � � 
 � � � � � � � 
 � � � F � � � � � � , � $

NASA/CR—2001-210715 47



# ! � !  � ' � ' � + , � � � ' 1 � � , � � � � 4 ) 3 � � 1

j � � 
 � � � � > � � � � � � � � � , ! � � , 0 � * � = � � 
 � � � 
 � F � � � , � � � � � � 
 � 
 � � 0 � ! % � * = N � � � � � L � � � � 0 � 8

� = � � � � 0 � � � b * � � � 
 � � $ [ $ 4 � * � = � � 
 � � � � � 0 
 � � � 8 � � � � � � � � � � � � � � � � � � � � � D � � � = � 
 � � 
 �

@ � � � � � * � = � � 
 � � � � = 
 � � � , � � � � � ! � � , 0 � * � � � = � 0 � � � � 
 � � � � � , * F � � * F � , , 
 ! $ L * � � � � � � � � � � 
 � � 0

� � � � � � � 0 � � 
 � F � � � 
 � � � � 
 � ! 
 � � , � � � � = � � ! � � , , � � � 
 � � � � � � � � � � � � � � � � � � � � � � � , � � � � � 
 � � � � � � �

� � � F � � � � � � , � � 0 � � � 
 � = 
 F � � � � � , � � � � � � � � � � 8 � � � � � � � � � � � � � � 
 � 
 � ! � � , 0 $

� � � � M � � � � � , � � � � [ � � � 
 � 
 � � 0 � � � � � � � , � M � 0 ! � � , 0 � * � = � � 
 � � 
 � = = 
 * � � � 
 � � � � 
 � � � � � � 0 � %

� . � = � � � � � F � � � � 0 4 � � � L I � \ � � 0 L I I \ � � � � , � $

� � �
�



�

� � � � � � � �
�



�

� � � 3 I $ L I 5

� � � � � 1 � � � � � 0 J � � � F � � � � � � , = 
 � � � � � � � $ D 
 � � � � , � � 
 = 
 � � � = � , ! � � � 0 � = � � � � 
 � � � � � � 0

� 
 , * F � � : � � � � � 
 � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � � ! � * � � � � � � 0 � � � * � � 
 � � � 
 � 8 � � � 
 = � � � � 0

� 
 � , � � $

3 � � � � 0 J � 
 � � � � � � Z � � 0 0 � � � � � 0 � � � � � 
 � , � F 
 � � : � � � � � � � � � � � � 
 � 8 = 
 � : � � , � � ! 
 � � � � � � � � � � �

� � = 
 � � � � � * � � � � F 
 0 � , � � � $ % * � � 
 � � � � � � � � 0 � � � � � , , � � � � � � � � � � � = � � F � � � � � � � � � � � � � � � � � �

� � � � 0 
 � 
 � � � � � � � � � � F � � � � � = � � � , � : � � $ D � � � � � � � � � � � � 0 � 
 � � � 
 � 8 = 
 � : � � , � � ! � � 0 � �

� � � � � � * � � 0 � 
 � � � � � � � 0 � 
 0 ! � 
 � � � � 
 � � � � � 
 = � � � � 0 � � � � � * � � � � � � � � = 
 F � � � � � � � � , � � ! 0 * � � 


6 
 � � � 
 � � . � = � � � 0 � , � � � � = 0 � , � � � 
 � $ D 
 � = = 
 * � � � 
 � � 
 � 8 = 
 � : � � , � � ! � � 0 � � � � � � � � 0 � � � = 
 F 8

F 
 � , ! 
 � � � � � � 0 � � 0 � � 
 � F � � � F � � � , � � � � � ! � � 
 � 
 � � 0 � � � � � = , * � � 
 � 
 � � � � � � � � = 
 � � � � � * � � � �

F 
 0 � , $ D 
 � � � � � � 0 � � � � ! � � 
 � 
 � � 0 � � 
 F 
 0 � > = � � � 
 � � � 
 � � � % � * = N � � 8 6 � � � � � = � � � � � � 
 � i 
 � �

� 
 � F � � � � � � , � � � � N � � � � � � � � � 0 � � 
 � � � � � 
 � � � 
 � � � � � N � � � � � � � 
 � $

3 � � � � � 0 � � � � � , � � � � � � 0 � � � , 
 � � 0 � F � � � 
 0 � 
 � 0 � � � � F � � � � � � � � � 0 � � � � 0 � � � � 
 � � * � � � = � � � 
 �

� � = 
 � � , � � � $ � � � 0 � b * � = ! 
 � � � � � � � 0 F 
 0 � , � � 
 � � � � � � � � � � � � � � ! F F � � � ! � � ! � � , 0 3 � � � � � � �

� � � � � 
 � � � 0 = 
 F � � � � � � 
 � 5 , � 0 � � � F � 
 * � � � � � � 
 , , 
 � � � � � 
 � F � � 
 � � � � ! � � , 0 � * � = � � 
 � � �

� � � � � � � �
�



�

� � � 3 I $ L L 5

� � �
�

�
�



�

� � � � � � �

� � � � � 1 � � � � � 0 J � � � F � � � � � � , = 
 � � � � � � � � � � � > � � 
 � � � � : � � � � F � � � � , 0 � � � $ D � � � � � * � = � � 
 � � ,

� 
 � F � > � � � � ! � � , 0 � * � � � = � 0 � � � � � � ! � � , , � � 0 � � � 
 * � � � � 0 � 
 � F � , � � 
 � � � � * � � � = � � � � � �

� 
 * � 0 � 
 � � = 
 � � � � � � � � � � � � � � � � : � � � � F � � � � , , ! 0 � � � � F � � � 0 0 � � � = � � 
 � � 
 � � � � � � � , � � � � = � � � � � �

NASA/CR—2001-210715 48



� � � � � � = � 
 � � $

� � 
 � 0 � � � 
 = � � � � = � � � � M � � � � � � � = 
 � , � � � � = � � � � � � 
 � 
 � � � 
 , 
 � � = � , F � � � � � � , � � % � � � � � � 0 � � � � �

� � � � � � � � 
 � 
 � � 0 � � � � � � � , � M � 0 ! � � , 0 � * � = � � 
 � 
 � � � � � 
 � F

� � � � � 3 � � � �� � � �
�

� 5 � � � � 3 � � � 5 � �  � � � 3 I $ L [ 5

� � � � � � � � � � � ! � � � 0 N � � � � � � � 
 � � � � * � = � � 
 � � � � 0  � � �
�



�

�  �
�



�

� $ D � � � ! � � , 0 � * � = � � 
 � � �

= 
 � � � � * 
 * � � � � � � � � � � � � = � $ � � � � � F � � � � � � � � � = � � = � , 0 � � � , 
 � F � � � � 
 � � = 
 � � 
 � � � � � � 
 � � � � � � � �

= 
 F � , � : � � � � � � * = � � � � � � 
 = � � � � � � � � 0 � 
 � 8 � � � 
 = � � � � � � � � � � 
 � � � � � � � � � 
 � � 
 � � = � � � 0 � � � � � � � � � � � �

� 
 � � � � � � � � � 0 � * � 0 � � � � � * � � $

@ � � 0 , � � 0 3 * b * � � � � � \ � � � � , ! M � 0 � � * , , ! 0 � � � , 
 � � 0 � � � � � � 
 � 
 � � � � = � � 
 � � , � � � � * , � � F � � � � � � , $

D � � ! G * � � � > � 0 � � � * � � 
 � @ 
 � � 8 + 
 * , 
 F � = � � � � � � 
 � � 
 � � , � � � � � , � F � � � � � � � � � � � � � 
 � F � , � � �

� � � � 
 � � , � � � � 
 0 � � = � � � � ! � � , 0 � � � � � � � � � * � � � 
 � $ D � � ! � � � � 
 � � � � � = � � � � � � 
 � � � = � � � � � � � �

= 
 
 � 0 � � � � � � � �

� � � � � � � � 	 	
E � � � � � � � = 
 � � � �

3 � � � � � 	 	
E

5
� � �

�
� 	 � �



�

� 3 I $ L Z 5

� � 9 5 � � � 9 � ( & � � = � 9 B 9 � � � 9 & *  & � � & ( * � � � $ U � � � U � * = � � 9 5 � � � 9 �

� � � � � � � � � 0 � = � , � � � , � � � � Z � � � * 0 � � 0 � � � � * � � � � � , � � ! 
 � 0 � . � � � � � ! � � , 0 � * � = � � 
 � � � 
 � � � � � 
 : 8

� F � � � 
 � 
 � � * � � � b * � � � ! � � , 0 � * � � � = � � � 
 = � � � * � � � � � � 
 * � � . � = � � 
 � 0 � � � 
 � � � 
 � � , � � � 0 � � � � � $

D � � ! = � 
 � � � ! � � , 0 � * � = � � 
 � 
 � � � � � 
 � F

� � � 3 �
� � 


�
	 � � � � � 5 3 I $ L � 5

� � � � � � � � � � � � . � = � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � , � � � � � � , � � � � � � � � � � � � � 
 � � � , � � � � � * � � $

D � � ! = 
 F � � � � 0 � 
 * � � : � � � � F � � � � , ! � � , 0 � * � � � = � � = 
 � � � � � 
 � 0 � � � � 
 0 � . � � � � � , 
 � 0 � � � � � � � 
 F

� � � � 
 � N 
 � 6 � � , , � � � � � 0 D � � � � � � � E � � � 0 � 
 * � 0 � � � � � � � : � � 
 � 0 � � � � � � 
 � � 
 � � 
 � � � � � � 
 
 0

� � � � � � � � � � � � 
 � 
 � � � � � * � � � b * � � � � * � � � = � � � 
 � � , , � � � = � � � � $

+ � � � 
 = � � � � � � � � * � � 0 � � � , � � � � = � � � � � � 3 � � 5 � � 0 � � � � � � , � N � � ! F F � � � � = � � = 
 � 0 8 � � � N � � � � 
 � � � �

� � � � � � � , � � � � � � , � � $ D � � � � � � F 
 0 ! � � F � = � 
 � = � = 
 � G * � � � � � � 
 � � � � � � � � � � � , � � � � � � � � � � � � � � 8 , � N �

� � � � � � , � � � � � � 0 � � � � � � � � � = � � � � , ! � � � 0 � � � � � � * F � 0 � � � � � � 
 , 0 � * � � � = � � �

� 3 �
�

�
�

� 5 � 	 �� � � �

� I
� 	

�

� \ 3 I $ L � 5

NASA/CR—2001-210715 49



� � � � �

�� � �

�

E
3 � � � � � � � 5 3 � � � � � � � 5 3 I $ L � 5

� � � � � � � � � � � 0 � � � � � 
 � 
 � � � � � � 0 	
�

� � � � � ! � � , 0 � � � � � � � � � � � � � � � $ D � � ! � � , 0 � * � � � = � � �


 � @ � � � � � ! � � � = � � � � , � � 
 � 
 � , ! 
 � � : � � � � � 
 � 3 � � F � � � * � � 0 � ! G 5 � * � � , � 
 
 � � � � � � , � � � 
 �

� � � � � � � � � � 0 � ! � � � � � � = � F � � N � � � � = � � � � � 
 � � , � � � � = � � � � 
 � $ D � � � � � � � � � � � � * � � 0 � � � � � ! � � , 0

� * � = � � 
 � � � � � . � = � � � � 0 � � � � � 
 � � = � � � � � � � � � � � � � � � � $

G 
 � � � � 
 � � � 0 9 , , � � � � � � Z � � � � * F � 0 � � � � 
 , , 
 � � � � � 
 � F � 
 � � � � 0 � � � � � � � � 
 � � 
 � � � � � � , �

� � 	
� �

E �

�
� � � � �

�

�

�
� � � � � � � 3 I $ [ \ 5

� � � � � � � �
�

�
�

!
�

N
�

� � � � F � � � � � � , = 
 � � � � � � � $ D � � � � � � � � 
 , 0 � * � = � � 
 � � 0 � � � � 0 � 
 � �� �

� � 0 �� � � � 0 � � � � � � 
 � � � � � � � % � * = N � � � � � 
 � F 3 � b * � � � 
 � � $ [ 5 $

� 3 � �
�

� � 5 �

3 �� �
� � � �� �

� 5
�



�

�
� � � 3 I $ [ � 5

� � 0 � � � � * � = � � 
 � � � 0 � � � � 0 � 
 � � � � = 
 � � � � � 
 � 0 � � � � � � � � � � � � � 
 � � � � � � � � � � � , � � � � � � 3 � �� � � 0

� �� 5 � �

� � 3 � ��
�

� �� 5 �

3 � ��
�

� � � ��
�

5
�



�

�
� � 3 I $ [ E 5

D � � � . � = � � � � � � 0 � � � � � � � , � � � � � � � � � � � � � � � � � � � 0 � > � � 0 � � + � � � � � � L $ D � � � � � � � � 
 , 0 � * � = � � 
 �

� � 0 * = � � � 
 � � � @ � � � � = � � � � � � 
 � � 
 � J � \ � � � 0 % � * = N � � � � F 
 0 � , � 
 � J � 8 � $ � [ $

Y 
 � N � � � � � � � \ � 0 � � � , 
 � � 0 � � � � 
 � � � 0 � � � � � 
 , * � � 
 � � � ! , � � � � 
 � � � � � � 
 � � F 
 0 � , $ Y �

� � � � � � 0 � � � � � , � F � � � 
 � � � � � � , * � 
 � J * � � � � F � � � � � � , � � � � � , � � ! = � � � � � � 
 � $ Y � � , � 
 0 � � � � F � � � 0

� * � = � � 
 � � , � 
 � F � � 
 � � � � 0 � � � 
 � � 
 � 8 F 
 � 
 � 
 � � = , 
 � 0 � � � = 
 � 0 � � � 
 � � , � N � � � � � � � � � � � � � � , � $

2 � � 
 � � N � � 0 % * . ! � � � � � � � 
 � � � � 0 
 * � � � � � = � � � F � = F � � � � � � , � � : � � � � � = 
 F � , � : � � � � 0 � � � � 0 � � �

� � � � F 
 8 F � = � � � � = � , � � � � � � 
 � $ D 
 � = = 
 * � � � 
 � � � � � % � . � = � � � 0 � � � � � � � � � � � � � ! 
 � � � � � �

F � � � � � � , � � 
 � ! 0 � 
 � � � � � = � � � � � * � � � � � � ! � � � � 
 0 * = � 0 �� � � � 0 �� � � � � � � 0 � > � � � � 
 � � 
 � � � � 0 � �

� � � � � � � , , � F � � 0 � � � � N � F 
 0 � , � � � � [ � $ D � � � � � * � = � � 
 � � � � � � � � � * � � * � � 0 � � G 
 � � � � 
 � � �

F 
 0 � , � 
 0 � � � , 
 � � � � = 
 � � � � � * � � � � , � � � � 
 � = � � � F � = � $

NASA/CR—2001-210715 50



# ! � ! � � , � � � ' � � 3 ) 3 � � 1

4 � � , � � � � � 0 � � F � � � � � * � � � � F � � � , , � = � , , 
 ! � � : � � � � � � � � 
 � � � � F � 8 0 � � � � 0 � � � � � � � � � 
 � � � 0 � � �

= 
 � = � � � 
 � ! � � , 0 � * � � � = � � � � � � � = , � � � � = � , � � � � � � � � � � � � , , ! � � � � N � 0 
 � � � � � � F 
 � � � � � 
 � � �

� � � , F 
 � � � � = 
 � , � � � � = � � ! $ Y 
 � � � � � � � � � , 
 � 
 * � � � 
 F � � � � = � , , ! � � 0 � � � � F 
 0 ! � � F � = � , , ! � � � � 0

= 
 � = � � � � � * = � � � � * � � � = � � 
 � = 
 � � � � � � � � � � � � � � � � 3 � + � � G � 5 � � 0 � * � � � = � � 
 � = 
 � � � � � � 0 � � � � � � 8

� � 
 � � 3 � + % � 5 � � � � � � � � � 
 � � * , � � � 0 � 
 � , � ! � � � � � F � = � � � � � , � 
 , � � � � � � = 
 � , � � � � = = 
 � � � � � * � � � �

� � � 
 � � � � � � ! � � , 0 � * � � � = � � 0 
 � � = , � � � � = � , � , � � � � = � � ! $ 6 � ! � � = � , b * � � � � � � � � * � � 0 � 
 0 � > � � � � �

� F 
 * � � 
 � � � � , � � � � = � 
 � � � � F � � � � � � , � � � 0 � > � � 0 F � � � � F � � � = � , , ! � � � 
 , , 
 � � �

� $ � ! � 2 1 H � * J M K � � � � � � � � � � 
 0 * = � 
 � � � � � � � � � � � � 0 � � � � � � , � � � � = � � � � � � � � � � $

E $ � * H H * M 1 � * K ! � � � � � � � � � � � � � � � � � 
 � � 
 � N � � � � = � � � 
 � � � � � = 
 � � � � 0 � � � � � 
 = � � � � � 0

F � � � � F � � � = � , , ! � � � � � 0 � . � � � � = � � � � � � � � � � � , � � � � = � 
 � � � � � 0 � � � � � 
 0 * = � 
 � � � � � � � � ,

� � � � � � � � 0 � � � � � � � , � � � � � � � � � � $

I $ � � @ * E 1 2 � ! � * ! � 2 1 H � * J H � � 1 * ! � 1 � � � � � � � � b * � � � � 
 
 � 
 � � � � � � , � � � 
 0 * = � 
 � � � � � � � � � � � $

P � � � � � � � � � 0 P � , , � � � � Z � * � � 0 � + � � G � � � 0 + , � � � � 0 � � 0 3 � = 
 F � � � � � � � � * � � 0 � + % � � 
 0 � � = � � � �

� � � 0 � � � � � � � � 
 � � 
 � � � � � � , � � � � , � � � � � 0 � � F � � � � � * � � � 
 � F 
 � 
 , � � � � = F � � � � � � , � $ 3 � � � � � 0 � � � �

� , � � � � � � � � 
 � � � � 0 
 * � � � � � � + � � G � � � 0 � + % � � � � 0 � 
 � � � � � � � � � � � � � � � F � � * � � � = � � * � 0 � �

� , , = 
 � 0 � � � 
 � � � � 0 � � � = � � � � 0 � = � � � � * , = 
 � � � 0 � � � � � 
 � $ 4 � 
 
 0 � : � F � , � 
 � � � � � � 
 * , 0 � � � � �

0 � � � � � � � � 
 � � 
 � � � � � � , � � � b * � � � 
 � I $ [ \ $ L 
 � � � � � � 
 � � � � � � , � � � � � � 
 � * � � � = � � � � � 0 � . � � � � � � � 0

� � = 
 F � � 0 � � � � = � , 
 � , ! � � � � � � � 0 � � � � 0 � � = � � � � � F 
 � � 0 $ j � � , , � � � � * � � � = � 0 � > � � � � 
 � � � � � �

� � � � � � � � � � � � , � � � � = � 
 � � � � � � + % � � � � F 
 � � F � � � � � � � * , � � 
 F � � � � � � � F 
 0 ! � � F � = � � � � � � 
 � � � $

4 � � F � 
 � � � � � � � � * � � � � � � � � � � � + % � � � � � 
 � � : � � � � F � � � � , , ! F � � � * � � � , � $ 4 � � � � � � � : 8

� � � � F � � � � = � � F � � � * � � � � � � * � � � = � � 
 � = 
 � � � � � � � � � , � � � � = � 
 � � � 3 � + � 6 � 5 � � � : � , � � � � 0 � !

3 � � � � � 0 � � � � � , � E \ \ \ � $ Y � � = � � � � � � � F � 
 � � � � � � 
 = 
 � � � , � � � � + � 6 � � � � � = � � � � � : � � � � F � � � � , , !

0 � � � � F � � � 0 � � 
 � + % � � � � � � � � � � � 
 � � � � = � , , ! F � � � � � � � * , $ D � � � � * � G � = � � � � � 0 0 � � � � � 0 � ! � ! � �

� � � , � E \ \ \ � � $

NASA/CR—2001-210715 51



# ! � ! # � � ' , + 1 ) 3 4 � ' � + � 3 � �

� � � � � � � � , � � � � = � � � � 
 � � � � � � 
 � , � � � � , � � � � � � � � � = � � F � � � � , � � � � � � � 
 � � = � � F � � � � , � � � , � � � � =

� � � � � � $ D � � � � � 
 = � � � � 0 � 
 � , � � � � � � = � � � � � 0 � , ! * � � 0 � � = , � � � � = � , � , � � � � = � � ! � � � 
 � ! � � � �

0 � � = � � � � 0 � � � , � � � $ Y � � � � � � � � 
 = * � � � 
 � � � � ! K !
�

1 H H K J * 1 � � ( � K � 2 1 � H � � � � � � � � � b * � � � 0 � 
 �

0 � � = � � � � � � � � � , � � � � = � 
 � � � � 
 F � F � � � � � � , � $

@ � 
 M � � � Z I � � 
 � � � � 0 
 * � � � � � � � � � � = � 
 � 
 � � � = � � F � � � � , � , � � � � = � � � � � � = � � � 
 � � � � � � � � � > = � � � , !

� 
 � � F � , , � � � 
 F 
 � � � � � � ! � � � � � � 
 � � � F 
 
 � � ! � � , 0 � * � � � = � � � � � � � � ! , � � 0 � � � � 
 � � 
 � 8 � � � 
 = � � � � 0

� 
 � � * , � $ D � � � � � � 
 F 
 � � � � � � ! � � = � * � � 0 � ! � , � � � � = 0 � � 
 � F � � � 
 � � � � � � F � = � 
 � = � , � � � 0 � � �

� * � = � � 
 � 
 � � � � � � � � M � � � � F � � � � � * � � � � � 0 � , � � � � = � � 0 � , � � � � = � � 
 � � � � � � � 
 � � � � � � � � � $ 4 = = 
 � 0 8

� � � � 
 � � F � � � � � � � � � � � � 
 � 
 � � 
 � � , � � � � � � � � � 
 � , � � � � = � � 0 � , � � � � = � � � � � � � 0 � ; = * , � 0 * � � 


� � � 
 F 
 � � � � � � ! � � � � = � � . � = � � � � � 0 � � � � � = � � � � = � � � � � � � = � � � 0 , � � � 
 � � , � � � � = 0 � � 
 � F � � � 
 � $

� � � � M � � � � � , � � � � [ � * � � 0 � � � ! � � , 0 � * � = � � 
 � � � � b * � � � 
 � � $ � � 
 � 0 � � = � � � � � � � 
 � � � F � � � � � 8

� � � � = � � � � , � $ 4 � � � � 
 = � � � � 0 � 
 � , � � 
 � � � � � � 0 � = � � 0 � � � � 
 , * F � � : � � � � � 
 � � ! � � � = � 
 � 
 � � [ $

D � � ! � � 
 � 
 � � 0 � � � * � � 
 � � 
 � 8 � � � 
 = � � � � 0 � 
 � , � � � 
 � � = = * � � � � � � � 0 � = � � 
 � 
 � � 
 , * F � � : � � � 8

� � 
 � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � $ � � G 
 � � � � 
 � � � F 
 0 � , � � � � 
 � , � � � � � � � 
 = � � � � � � � * � � � �

� � 
 , * � � 
 � , � � � � � 
 � 8 � � � 
 = � � � � � � $

L � � � � M � � N 
 � � � � � � , � � � � Z � � � � � � � * � � 0 � � � � 
 � 8 = 
 � : � � , � � ! 
 � � � � � , � � � � = � � � � � � � � = � � F � � � � � 0

� � � � � � � � � � � = � � F � � � � � � � � � * , � � F � � � � � � , � � 
 � � � � � � � � � * , � � � � � = � � 
 � � � 0 = � � � � � � � � � � � � � ! � 8

� = � , � � � � � 
 � � � � F � � � � � � , 0 * � � � � 0 � � 
 � F � � � 
 � $ D � � ! � � 
 � 
 � � 0 � = 
 � � � = � � 
 � � 
 � � � ! � � , 0

� * � = � � 
 � � � � b * � � � 
 � I $ L [ � � � � 0 
 � � � � 0 � � � � � � 
 � 
 � � � � � , � � � � = � � � � � � � � = � � F � � � � � 
 F � 
 � 8

F � , � � ! $

� � � � � 3 � �
� � 5 3 I $ [ I 5

� � � � � � � � � � � = 
 � � � = � � 
 � � * � = � � 
 � � � � � 0 � � � � 0 � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � 
 I � � � 0

� � � � � = � � � � � � � 0 � � � � � � � � � F � � � � $ D � � * � � 
 � � � 
 � � � � ! � � , 0 � * � = � � 
 � , � � 0 � � 
 � � 
 � 8

� � � 
 = � � � � 0 � 
 � , � � � � � � = � � � � � , � � 
 = � � � * � � � � � � . � = � � � * = � � � � 
 , * F � = � � � � � � � 0 � � � � � �

� � � � 0 � � � � 0 � � = � $

@ � � 0 , � � 0 3 * b * � � � � � \ � � 
 * � 0 � � � � � � � � � � � � � � , N � � � F � � � = � , = 
 � � � � � � � � � = � * � � � � � 0 � � � = � � 
 �


 � � � � � � � � = � � � , F � = � 
 � � � � � � � 
 0 � � � � � � � � 
 F � � � 0 � � � = � � 
 � 
 � � � � � � � � � = � � F � � � � � � 
 * � � � � �

� � � � * , � � F � � � � � � , � � � � � * F � 0 � 
 � � = 
 F � , � � � , ! � � 
 � � 
 � � = $ D � � � � 
 � 8 = 
 � : � � , � � ! � � � � � � � = � , !

NASA/CR—2001-210715 52



= 
 F � � � � � , � � � � � F � � � � � � , � � 
 � � 
 � ! � � 0 � � � 
 � , ! F � � 
 � = 
 � � � b * � � = � � 
 � � � � F � � � � F � � � = � 
 �

= , � � � � = � , � , � � � � = � � ! $ D � � ! � 
 * � 0 � � � � � � , � 
 � 0 � � � � � � 
 � � 
 � � � � � � � , � � � � , � 
 � � � � � � � � , � � � = � � 
 �

� 
 � � = � � � � = � , � 
 � 0 � � � � 
 $ % � * = N � � � � � � � � � , � � ! � 
 � � * , � � � � � � 
 � � � � � � > � 0 � � � � � 
 � � � � , , � � � � � $

D � � ! 0 � = 
 F � 
 � � � � � � � � � � � � � � � 
 � � � � 
 � � 
 � � � � � i 
 � � = � � � � , � 
 � � � � � 
 � F � � � � � � , � � � � = � 
 � N

� � 0 � � � 
 � � � � � 
 � = � � � � , � 
 � � � � � 
 � F � � � � 
 � N $ D � � � � � , � � � � = � � � � � � � � = � � F � � � � � = 
 � : � � ,

� � � � � � � � 
 � N � � � � � � � 
 � � � � � � � � � � � � � � ! � � 0 � = � � � � � � � � � � � � � N � � � 0 � 
 � F 
 � � � � � � � � � , � � !

� 
 � � * , � � � � 
 , 0 � $

4 � 
 � � � � � � � � � � = � 
 � � � � , � = � � � 
 � 
 � � 
 � 8 � � � 
 = � � � � 0 � 
 � , � � � � � � ! T � � � � � 0 � � , , � F � � � � � �

� � 
 * � � 0 � ! � � , 0 � * � = � � 
 � � � � � 0 � � � � 0 � 
 � � , , � � � � � � � � � � � � � � � � � � � � � � � � � � 0 � � = 
 � � � � * 
 * �

� � � � � � � � � � � = � � : = � � � � � � � � � 
 � � � 
 � � b * � � � � � : � � , � � � � � 
 � $ 4 � � , � = � � � 
 � � 
 = 
 � = � � � � � � � * , � � 0

� � � � � � � � � = � 
 � ! � � � 0 � = � � 
 � 
 � � � � � � , � � � � , * � � F 
 0 � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � � , * � � � � � * � �

� � � � � � � � � � 
 , * F � � � � = = 
 � � � � � � � � $

NASA/CR—2001-210715 53





� � � � � � 
 �

� 	 � � � 	 � � � � 	 � � � � � 	 � � � � � � �

� � � � � � = � � � � � � � � � � � = 
 � , � � � � = F 
 0 � , = � � � � , � 
 � � � � 0 � = � � � � � � % � � � � 
 � 
 � � 0 � � 0 � * � � � 8

b * � � � , ! � � � = � � , � M � 0 � 
 � � � � 0 � W � � � � � Z [ \ ] 	 $ D � � � F 
 0 � , � � � � � : � � � � � 
 � 
 � � � � J � � � � � , � M � 0

f � � = 
 � , � � � � = @ 
 0 � , � � � � 6 
 � � � � � � , � � � * = � * � � 3 J f � 6 � 5 � 0 � � � , 
 � � 0 � ! 4 � � 
 , 0 � � 0 � � , � � �

� � � � L � $ L � � � � � � � � = N � � 
 * � 0 � � , � � � � � � 
 � � � � � � � � � � , � � � � � � , � � * � � 0 � � J f � 6 � � � � � � � � � � � 0 $

D � � � � � � 
 , , 
 � � 0 � ! � � � � � � 
 � � � � = � , � � � F � � 
 � N 
 � J f � 6 � � � 0 = 
 � � � � � * � � � � � b * � � � 
 � � $ D � �

� � 
 � 
 � � 0 F 
 0 � > = � � � 
 � � � 
 J f � 6 � � 
 � = = 
 * � � � 
 � � � � 
 � � � � � � 0 � % � � � � � � � � � � � 0 � � 0 � � �

� � � * , � � � � � 
 � F * , � � � 
 � � � 0 � � � � � 0 � � � � � � � � � � � 
 � � � 0 � � 
 , * � � 
 � � � ! , � � � $ L � � � , , ! � � 0 � � � � , � 0

� � 
 = � 0 * � � � 
 � � � � F � � � � � � F � � � � � � , � � � � F � � � � � � � � � � F 
 0 � , � � � � 
 � 
 � � 0 $

� � � � 	 � �  � � � � �

� � � , � � � � = � � ! � : � � � � � � 0 � ! � � � � � � � F 
 F � = � � � � = � , � � � � 
 � � � 
 � � � � � � � � � � � � F � � � � � � , � � � � � , � � � 0

� 
 * � � � E � � H * � 2 � � & � � N K ( � ! 1 N * J M � K J � H H � H $ D � � � � � � � 
 , � � � � � � � ! 0 � � � � � � � � 
 � � � 0 F � � � � � � ,

� � � . � � � � � � � � � � � 
 � � 0 * � � 
 � � ! � � = � , = � � � � � � � � � � � F � = � 
 � � � * = � * � � $ + 
 � � � b * � � � , ! � � � � � F 
 8

0 ! � � F � = � � � * F � � � � � � � � 
 � � � � � � � � * � � , � M � 0 � � � � � * ! � � � ! 1 2 E 1 � * 1 � 2 � 1 M M � K 1 J & � � � � � � 
 � 8

F * , � � � 
 � 
 � � � � � 
 F � � 
 , 
 � � = � , = 
 � � � � � * � � � � , � � � 3 + 
 , � F � � � � 0 J * � � � � � � � Z � � i G � = � � � � � � � i

3 * � , � � � � � � � � E � � � � I � i 3 � F � � � � � � � 0 + � � � 
 = � � � � � � \ � 5 $

D � � � F 
 0 ! � � F � = � 0 F � � � � � � , � � ! � � � � � � = � � 
 � � � � � 
 = � � � � 0 � � � � � � � � 
 * � 0 � � � � � � � � � � F � = � � � � � F �

* � 0 � � , ! � � � � � � � � 
 � � F 
 0 � , � � � 0 * = � � 
 � � � � � , , 8 N � 
 � � + , � * � � * � 8 % * � � F 
 � ( * H H * M 1 � * K !

NASA/CR—2001-210715 55



* ! � � @ 1 2 * � � $ D � � � � � � F 
 0 ! � � F � = � , , ! � � � � 0 = 
 � � � � � * � � � � � b * � � � 
 � � � � � � � � � F 
 0 � , � � � � 0 � � 8

= * � � � 0 � � � � � � � � � = � � 
 � � � � � 
 � � � � � � � � = � � 
 � $ @ � � � � F � � � = � , = 
 � � � � * = � � 
 � � K � K � ( * H H * M 1 � * K !

M K � � ! � * 1 2 � � 0 � � � � � � 
 = � � � � 0 � 
 � F � , � � ! = 
 � 0 � � � 
 � � � � � � � � � 
 0 * = � 0 � 
 � = 
 � � � � � � � = � � � � � � � � 8

� ! � � � � � � � � 
 � � = 
 � � � � � � � � � � � � � 0 
 � � � F � , � � � 
 � � � � � � � 
 � ! K !
�

! � # 1 � * E � ! � H H � � 0 J K ! E �
�

* � �


 � � � � � � � * � = � � 
 � � 3 6 
 � � � � � � 0 3 � = N � � � � � � Z � i G � = � � � � � \ � i 6 
 � � � � � � � � Z � � j � � � � � 0 3 � = N � �

� � � � � � i G 
 � � � � 
 � � � 0 % * . ! � � � � \ � i 3 � F � � � � � � � 0 + � � � 
 = � � � � � � \ � i L � � � 0 � � � , � � � � � � 5 $

� * = � � 
 � F � � 
 � � � � � � 0 
 � 
 � � * � 
 F � � � = � , , ! � F � , ! � � � � : � � � � � = � 
 � � 
 � � , 
 � � � � � � � � � � 0 � 
 � F �


 � � � � � F 
 0 ! � � F � = � 
 � � � � � � , � i � 
 � � : � F � , � � � � � Y � , F � 
 , � M � � � � � � � � � ! 
 � � � � J � � � � � = 
 F 8

� , � F � � � � � ! � � � � � � � � � ! $ � � � � � , � � � � � � � � � � * F � 0 � 8 � � � 
 � � � � � � = 
 � � � � � 
 � 0 � � � � 
 � F * , � � � 
 �

� � � � � F � 0 � J K N M 2 � � � � 
 � � � � � � , 8 � � � � 0 � � � * = � * � � i 
 � � � � 
 � � � � � � � 0 � � � 
 � � 0 � � � � � 0 � � 
 F � �

� � � * F � 0 0 � � � � � � � � 
 � � 
 � � � � � � , � 
 � F � � � � � � � � � � 0 � 
 � � * ! J K N M 2 � � � � 
 � � � � � � , 8 � � � � 0 F 
 0 � , � $

D � � = 
 F � , � � � � 
 � � � � � � , 8 � � � � 0 = , � � � 
 � � � � , � � � � = = 
 � � � � � * � � � � � b * � � � 
 � � � 
 � � � � � � � � � * F � � �


 � 0 � � � � � = � � � 0 � F � 
 � � � � � � � � � � � * � � � �

� $ D � � ! = 
 � � � � � * � � � � � = 
 � � � � � � 
 � � 
 � � * F � � 
 * � � � � * , � � � � ! � � 
 � � � � � � � � � 0 � 
 * � 0 � � � � � � 8


 � � F � � � � , � � � � = � � ! � � 0 � � � = 
 � , � � � � = � � ! 3 6 
 � � � � � � � � Z � � � � � � � � � \ � 5 $

E $ D � � ! � � � * , � � � � * ; = � � � � , ! � � � � � � , � � � � � � � 
 � � , � � � * = � * � � � � � 
 � � � � 
 � � � � � � � = � � � � � : 8

� , 
 � � � 0 � 
 0 � � � � � � � * F � � � 
 � * � � � * , F � � � � � � , = 
 � � � � � � � � 
 � , � � � 3 9 � � � , � ! � � � [ � � � � [ Z � i

G � = � � � � Z � � 5 $

I $ D � � 0 � � = � � � � � 
 � F 
 � � � � � � � * F � 0 J � � � � � � 
 � � � � � � , � � � * F � � � = � , , ! � 0 � � � � � � � 
 * � � � � � �

0 � � � , 
 � F � � � 
 � � ; = � � � � � , � 
 � � � � F � � 
 � > � � � � � , � F � � � � F � , � F � � � � � � 
 � 3 � � , � � � � � � ,

� � � � \ � i � � , � � � � � 0 � � , � � � � � I � i @ � � � � � � 0 W 
 � � � � � � � � \ � 5 $

4 � * F � � � 
 � � � � � � � , � � � � � � � � � � * � � 0 � 
 0 � � = � � � � � � � � � 
 , * � � 
 � 
 � � � � � � � � � � � , � � � * = � * � � �

� � � � � , � � � � = 0 � � 
 � F � � � 
 � 
 = = * � � $ D � � 
 � � � * � * � , , ! * � � 0 � � � 
 � � � � � � = � � � 0 * � � > � 0 � � � 
 � � � � � � �

0 � > � � 0 � � � � $

� $ � ! � � � ! 1 2 � � � � H H � � � � � � � � � � � � � � � � � � � � � � � � > � , 0 � � � 
 = � � � � 0 � � � � � F F 
 � � , � 0 � � , 
 = � � � 
 � � $

� � � � � F � , , � � � � � � � � � � � � , � � 0 � � � � � � $

E $ � , � J � * E � � � � � H H � � � � � 0 � . � � � � = � � � � � � � � � � � , � � 0 � � 0 � � � � � � � � � � , � � � � � � � � $

NASA/CR—2001-210715 56



I $ � � 1 # � � � � H H � � � � � � 0 
 � � � � 0 � � , 
 = � � � 
 � F 
 � � 
 � $ � � = � � � � � � � 0 � � � � � � � � � 0 � = � � � � � � � � �

� � � , � � � � = � � � � � � � � � � � � 0 � � * � � � = � � � � � � � � � � � M � 
 � � � � � , � � � � = � � � � 
 � � � � F � , � � � 
 � � 
 � � 
 � � =

� � � 0 � � � � � $

J f � 6 � * � � � � � 
 � � � � � � , � � i � � � ( � 1 # H � � � H H � � � = � � � � 
 � 8 � � 
 , � � � � � � � 0 � � � * ! � � � ! 1 2

H � � � H H � � � � = � � � � � � � 
 � � � , � � 0 � � 
 , � � � � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � $

� � � �  	 � � 	 � 	 � 	 � � � 	 � 	 � � � �

J f � 6 � � � � , � � � � 
 � � � � � � � � , , ! � � 
 � � 
 � � = F � � � � � � , $ � � � � , � F � � � 0 � 
 � F � , , 0 � � 
 � F � � � 
 � � � � 0 � � �

� � � � � � , � � � � � 
 � � � � F � � � � � � , � � � � � * F � 0 � 
 � � � � � � � � 8 � � � � $ J � � � � � � � � � F 
 0 ! � � F � = � 
 � � � � � � ,

� * � = � � 
 � 3 � 5 � � � � � * F � 0 � 
 0 � � � � 0 
 � � � � � � � � � � F � � � � � * � � � � � 0 � � � � � � ! 
 � � � � � � � � , � � � � � � , � �

3 + 
 , � F � � � � � , � � � Z � � i 3 * � , � � � � � � � � E � � � � I � 5 $

� � � � � 0 � . � � � � � � � , � 
 � F � � � � J � � � � � � 
 � � � � � � , � � 3 � � �
�

� �
� � 5 � � � � � � � � � � � � � 
 , , 
 � � 3 3 * � , � � � �

� � � � I � i 6 
 � � � � � � � � � � 5 �

� � � � � � � � � � � �  � � � � � � � � 3 L $ � 5

� � � � �  0 � � 
 � � � � � � � � � � 
 � ! � � � � � � � � � � � � � , � � � � � � � � � � � , � � � � � � � � � � � � F 
 0 ! � � F � = � ; � � � � � �

= 
 � � � � � 
 � 0 � � � � 
 � � � � � � � � � � 
 � � , � � � � � � � � 0 � � � � � � � � � � � � � � � � 
 � $ � � � 
 , , 
 � � � � 
 F � b * � � � 
 �

L $ � � � � �

� � � � � �
�

� � � �

 � � �
�

� �
3 L $ E 5

� � � � �
�

� � �

� � � 0 � > � � 0 � � � � � � � @ 1 � * K ! H K � H � 1 � � 3 @ � , � � � � � � � Z � � i 3 � F � � � � � � � 0 + � � � 
 = � � � � � � \ � 5 � � 0

� � � � � � � � � 0 � � � � � 
 � = � 8 , � N � � � � � F 
 0 ! � � F � = � � � � � � � � � � � , � � � � � , � � � � � � � � � � 0  � � � � � �

= 
 � � � � � 
 � 0 � � � = 
 � G * � � � � 0 � � � , � = � F � � � 8 , � N � � � � � � � , � � $ D � � F 
 � � � � � � � � , � : � � � � � � 
 � � 
 � � � �

� 
 � � , � � � � � � � � � � � � 
 � � � � � � 0 � ! 0 � . � � � � � � � � � � � � � � > � � � 
 � � � � � � 
 � � � b * � � � 
 � � � �

�� � � �

�

� �
3 � �

�

� � � �
5 � � �

�
�

� � � � � � � �
�� � � � �

�
�

� � � � � � �
�� � � �

�
�

� � � � � �

�
� � 3 L $ I 5

D � 
 
 � � � 
 � � � � � � � � � , � � , � � 
 � 0 � � = � � � � � � � � � � 
 � � � 0 � � 
 , * � � 
 � � � ! � b * � � � 
 � � $ D � � > � � �


 � � � 
 � � � � * F � � � � @ 2 2 � J K @ M 2 � ( � 
 � F � � $ � $ � � � � � � � , � � � � = � � � � � � � � � � � � � � � � F � � � , ! , � � N � 0 � 


NASA/CR—2001-210715 57



� � � � � � � F 
 0 ! � � F � = � � � � � � � , � � � � � � � � � = � � � � � * � = � � 
 � � , 0 � � � � 0 � � = � � � = 
 F � , � � � , ! 0 � > � � 0


 � = � � � � � � � * F � 0 $ D � � � � 
 � F � � � 
 
 � � � � � � = � � � � � � � � � � � � � � � b * � � � � � � 
 � 
 � � � 
 � � , � � ! � � � � � � �

� � � � � � , � � � � = � � � � � � � � 0 � � � � � � � 
 � = � � � � � 
 � � � � � � � � , � � � � � 3 4 � � 
 , 0 � � 0 � � , � � � � � � � L � 5 $ 4 �

� � � � * , � � � � � = , � � � � = � , 0 � > � � � � 
 � 
 � � � � � 0 ! � � � � � = � � � � � � � = � � � b * � � � � � � � � 
 , � � � � � � � , � � � � =

� � � � � � � � � = 
 � � � � � � � � � � � � � , � � � � � � = � � � 
 � � � � � � � � � � 0 * � � � � � � � � = 
 * � , � 0 � 
 � F $ D � � � , � � 0 � * �

� 
 � � � � � = 
 � 0 
 � � � 
 � i � ( � J K @ M 2 � ( � * � � � H � 
 � F � � � � � � = � � � � � � , � = � � 0 � � � � � � � , � � � � � � � � � � � , � �

� � � � � 
 * � � 0 � � � � 
 � � � ! � � � � � � � � 
 � 
 � � � � � � � , � � � � = � � � � � � � � � � � � 0 � � � � 0 � � � � � � � � � � � � F � � � �

� � 0 � * � � � � � � � � � � , , � � � � � � 0 � � � � 0 � � = ! 
 � � � � � � F � � � � � � � � � 
 = � � � � 0 � � � � � � � , � � � � � � � 
 * � � � �

� � � � � , � = � � 0 � � * � = � � 
 � $ D � � � � 
 � F � � 0 � � 0 � , , 
 � � � � � = , � � � � = � , � � � � 0 ! � � � � � = � � � � $

� ! � !  � ' 4 � � � , ' � 	 � � �

� � � � � 0 � = 
 * � , � 0 � 
 � F � � � � � � 
 , * � � 
 � 
 � � � � , � � � � = � � � � � � � � � � 0 � � � � 0 � � � 
 � � � � � � � � � � � , � 
 � = � 8

, � N � � � � � � � � � � � � , � � � � � � � � � 
 = � � � � 0 � � � � F � � � � � � , � � � , � � � � = � � ! $ � � � � � � � � � � � � � � � � 
 � � � � �

� , , 
 � � � 
 � � � = , * � � 
 � 
 � � � � = , � � � � = � , � 
 � � � � 
 � 
 � � � � � 0 ! � � � � � = � � � � $ D � � J � � � � � � 
 � � � � � � , � 
 �

� � � � 
 � � � � F � , = � � � � � � : � � � � � � 0 � �

� � � 3 � � � 5 � � � � � �� � � � � 3 � � 5 3 L $ L 5

� � � � � � � � � � � � � � � � 
 � � � � � , � � � � = � � � � � � � � � � � ! � � � � � � = 
 � 0 � � � F � � � � � , � � � � = � 
 � N � � � 0 � �

� � � F � � � � � � , � * � = � � 
 � $

% � . � � � � � � � � � � � � b * � � � 
 � L $ L � � � � � � � � � = � � 
 � � � � � � � � � � � � � � � � 
 � � , � � � � � � � � � � � � � � * F 
 �

� � 
 = 
 F � 
 � � � � � i � , � � � � = 3 
 � � � � � � � � � , � 5 3 �� �� � 5 � � � 0 � � � , � � � � = 3 �� �� � 5 $

�� � � � � �
�

� � � �
� �� �� � � �� �� � 3 L $ [ 5

� � � � �

�� �� � �

�
� �

�
�

� � � � � � � �
� �� � � 3 L $ Z 5

� � 0 � � � , � � � � = � � � � � � � � � � � �� �� � � � � 0 � > � � 0 � � � � � � � � , ! $

L 
 � � � � � 
 � � � � F � , � � 
 = � � � � � � � � � � � � ! � � , � � = � � � b * � � � � � � � � � � � � : � � � � � , � 
 � N � � � � � � � b * � ,

� 
 � � � � * F 
 � � � � � � � � � � � , � 
 � N � � � � � � 0 � � � 0 � � � � � � � � 
 � � � $ � $

� � � �� �� � � � 3 � � � � � � 5 � � � �� � �

NASA/CR—2001-210715 58



D � � � � = 
 � 0 , � � � � � � � � � � � � � � � = � � � � � � � � � � � 
 � ! � � � 
 � � � � � � $ L 
 � � � � � 
 � � � � F � , � � 
 = � � �

� 3 � � �
�

� � 5 � � � � �� �� � � � � �� � � \ � 3 L $ � 5

D � � � � � = � , , � 0 � � � ( * H H * M 1 � * K ! * ! � � @ 1 2 * � � $

D � � � � � , � � � � = � � � � � � � � � � �� �� � � � 0 � > � � 0 � * = � � � � � � � � 0 � � � � � � � � 
 � � � � b * � , � � ! � � � � � � � > � 0 $ % � � 8

� � � � � � � � � � � � � � � 0 � � � � � � � � 
 � � 
 � � � � � � , � � � � � � � � � � = � � 
 � � � � � 0 � � � � � � � � � � � 
 � � � 0

� � 
 , * � � 
 � , � � � �

�� �� � � �
�

� � � �
3 L $ � 5

�� � � � �
�

� � � 3 L $ � 5

� � � � � = � � � � , ! $ 
 � � � � � � � J � � � � � � 
 � � � � � � , � � � � � � 
 , * � � 
 � , � � = � � � , � 
 � � � � � � � � � � �

�� � �

�

� �

�
� �

�

� � � � � � � � �� � 3 L $ � \ 5

� � � � �

� � � � � �
�

�

� � �
� � �

3 L $ � � 5

� � , � � � � � � � � � � � � � � , � 
 � = � 8 , � N � � � � � � � , � � � 
 � � � � � � � � � � , 0 � � � , � = � F � � � 8 , � N � � � � � � � , � � � � 0 � �

= � , , � 0 � � � * ! � � � ! 1 2 J K N M 2 * 1 ! J � K M � � 1 � K � $ D � � � 
 � � � � � 
 � � � = 
 F � , � � � , ! 0 � > � � 0 
 � = � � � �

= � 
 � � � $ � � � � � � � � � � � � � � � � 
 � 
 � � � � � � � � � � 
 � � � � � 
 � � � 
 � � 0 � � � � � 
 � F � � � 
 � � � 
 * � � � � = * � � � � * � �


 � � � � J � � � � � � 
 � � � � � � , � � � � , , � � � � � � � , � : � � � 
 � � � � G � = � 
 � � � � � � � � � � � � 
 = � � � � 0 � � � � � � � � � = �

3 4 � � 
 , 0 � � � � � � 5 $ D � � � � 
 , * � � 
 � , � � � 
 � � � � � � � � � � � , � � � � � � , � � �

�� � � � � � �

�� � � �
�

� � � � 3 L $ � E 5

D � � J � � � � � � � 0 0 � � � � � � � � 
 � � 
 � � � � � � , � � � � 0 � � � = � , ! , � � N � 0 � � � 
 * � � � � � � � � � � � � , � � � � � � � � � � � , � � $

+ , � � � , ! � � � � � � � � F � � 
 � N � � 
 � � 0 � � � � � � * = � * � � � � � � � = � � � � � 
 � � � 0 � � 
 , * � � 
 � � � ! , � � � � � �

� * , , ! � � � 
 = � � � � � � � � 0 � � � = � � � � � , ! � � � � � � � � , � $

� � � � 	 � 	 � 	 � 	 � 	 � � 	 � � � � � 	 � � 	 � � � � 	 � � 	 �  � � � 	 � � 	 	 � � � � � � � � � 	


 � � � � � � � � � 
 � � � � � F � � 
 � N � 4 � � 
 , 0 � � � , � � � � Z � 0 � � � , 
 � � 0 � F * , � � � : � � , � � 
 � � � � � � , � � � � 0 �

� * , , ! � � � 
 = � � � � � � � � � 
 � � � � F � , � * � � > � 0 � � � = 
 � , � � � � = F 
 0 � , $ D � � � F 
 0 � , � 
 � � � � � � � 
 � � � � � � 
 � � � ,

� � � � � � � , � � � � � � � � � � � , � � � � � � � � � � � � , � � � � � � 3 � � � 5 � � � � � � � � � 
 = � � � � 0 � � � � 0 � � , 
 = � � � 
 � F 
 � � 
 � $

NASA/CR—2001-210715 59



D � � � 
 � F � 
 � � � � J � � � � � � 
 � � � � � � , 3 � 5 � � 0 � � � 0 � � � � � � � � 
 � � 
 � � � � � � , 3 � 5 � � � = � 
 � � � � � � 
 , , 
 � �

3 � � , � � � � � 0 � � , � � � � � I � 5 �

� �

�

E
� � � � � � �

�
�

3 � � � 5 �
�

� � �
3 L $ � I 5

� � �
� � �

E � � � � � � �

3 � � � 5 �

�

� � � � � � � � �

3 � � � � � 5 � 3 L $ � L 5

� � � � � � � � � � 3 � � 5 � � 3 � � � �  E 5 � � � � � � � 0 � � � � � 
 � � � � � � F � � � � � � , � � � � F � � � � � $ D � � > � � �

� � � � � � � � � � � 
 = � � � � 0 � � � � � � � � 
 � , � � � � 0 � � � � � � � � � � � � � � � � 
 , * � � 
 � � b * � � � 
 � $ D � � � = � , � �

� * � = � � 
 � � 0 � � � � 0 � 
 � � � � � . � = � � � � � � � � � � � � 0 � 0 � � � � 0 � 
 � � � � � � � � � � � , � � � � � � � � � � � � � � � � $

D � � @ = + � * , � ! � � � = N � � � � � � � * = � � � � �

� � � � � � � � � \

� \ � � � � � 	 � � �

� � � � � � � � � �
�

� �
�

� � � � � 	 � � � �

D � � � � � � * � � � * � � 
 � 0 � . � � � � � � 
 � F � 
 � � � � 0 � . � � � � � � � � � 
 � � 
 � � � � � � � � � � � � = � � 
 � = = 
 * � � � 
 �

� � � � � � 8 � � � � � � � , � � = ! = , � = 8 , 
 � 0 � � � � � 0 0 ! � � F � = � � = 
 � � � ! � . � = � � $ 4 , � 
 � �
�

� � � � � = * � 8 
 . � � , * � 
 �

� � � � � = � � � � � F � , , = 
 � � � � � � � � � � � � , � � > � � � � � : � � � � F � � � � , 0 � � � � � 0 � � � � � � � � � � � � * , � � � � !

� � � � � � * F � � � = � , � 
 , * � � 
 � � � � � � � � � 0 � � 
 M � � 
 $

� � � � � � � � � � � 
 � � 
 � @ � � � � � � 0 
 � � � � � 
 � � � 0 � � � � � 
 � � = � � � * � � 
 � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � �


 � , ! � � � b * � 0 � � � � = � � � � � � � � � � � � � = 
 � � � 0 � � � 0 � � � � � 0 � > � � � � 
 � � 
 � � � � � 
 � � � � � � , � � 
 � � � � �

F 
 0 � , $ Y � � = � � � � 0 � > � � � � 
 � � 
 � � � � 0 � � � � � � � 
 , , 
 � � �

� �

�� �

�
� � � 3 L $ � [ 5

� �

� ��

�
� 3 L $ � Z 5

� � � � � �� � � � � � � � . � = � � � � 0 � � � � � 
 � � = � � � � � � � � � � � � � � � 0 � > � � 0 � �

�� � �

�

E
� � � � � � 3 L $ � � 5

NASA/CR—2001-210715 60



� � 0 � �� � � � � � � � � � � � � , 0 � � � � � 
 � � = � � � � � � � � � � � � � � � � � � � � � !

� �� �

�

E
� � � � � � 3 L $ � � 5

� � 0 � � � � . � = � � � � 0 � � � � � 
 � � = � � � � � � � �

� � � �  � � � � � � � 3 L $ � � 5

D � � � * � = � � 
 � � � � = � � , � N � � � � � � � � 
 , 0 � * � � � = � � � = � * � � � 
 � � � , � � � � = � � � � � � � � , , 
 = = * � � � � 
 \ $

D � � � � M � 
 � � � � � � * � � � = � � � 0 � = � � � � 0 � ! � � � � � � � � � � � � � � � � 3 � 5 � � 0 � � � , 
 = � � � 
 � � � 0 � � � � F � � � 0

� ! � � � $ L 
 , , 
 � � � � � � � � � 
 � � � � � F � � 
 � N � � 0 * � � � � � � � � � � 
 � � � � � � , � 3 � b * � � � 
 � � L $ � I � � 0 L $ � L 5 �

� � � � 
 � , � � � � 0 � � � � � 0 � �

�� �� � �

� �

E �
� � � 3 L $ E \ 5

� � 0 � � � � � 
 , * � � 
 � � b * � � � 
 � � � 
 � � � � � � � � � � � , � � � � � � � � �

�� � � � � � � � 
 � � �

� 3 � � E � 5 � � � � 
 � � � �

�
� �� �
 � � � � � � 
 � � 3 L $ E � 5

� � � � � � � � 
 � � � � � � � 
 * � � � 
 � 0 � � � 0 � � � � � ! � � � � 
 � $

D � � � � 
 � � � b * � � � 
 � = 
 � � � � � � 
 � � � 
 � � � F � � � � � � � � � � � � � � = 
 F � � � � � � F � = � � � � � F � � � � � �

F � � � � � � , i 3 � 5 � � � � 0 � � � � � � � � F 3 � � � 
 = � � � � 0 � � � � � � � 5 � � � � � = = 
 * � � � � 
 � � � � � � � � � � � � � � � � �

F � = � � � � � F � � � � 0 3 E 5 � � � = 
 � � � ! � � � F 3 � � � 
 = � � � � 0 � � � � � � N 5 � � � � � = = 
 * � � � � 
 � � � � � 
 � � � � � � �

F � = � � � � � F � � � 0 � � = � , , � 0 H � � 1 * !
�

* ! ( @ J � ( � � J K E � � � 
 � ( � ! 1 N * J � � J K E � � � $ D � � � � = 
 F � � � � � �

� � � F � � � � � � � � 
 , * � � 
 � � b * � � � 
 � � � � � = 
 � � � � � � � � � � � � � � � � � � * F � � � 
 � � � 
 * � � � � � � � * � � 
 �

� � � � � � � , F � = � � � � � F � � � � � � F � � � � � � , 3 @ � , , � � � � � � � � i L � � � 0 � � � , � � � � � � 5 $

� � � � � � � � � 	 � � � � 	 �

D � � F 
 0 � , 0 � � = � � � � 0 � � � � � � � � � � 
 * � � � = � � 
 � � � � � 8 � � � � 0 � � � � = � � � � * � � � � , � � 
 � F � � ! F � � � , �

, � N � � � � � � � * F 3 4 � � 
 , 0 � � � , � � � � Z � 5 $ � � = � � � 
 � � � 
 � � � � � � � = = 
 * � � � 
 � � � � � % � � � � 
 F � � 
 �

� � � = � � � 
 � � � � � � 0 � � � � � 0 � � = 
 � � , � � � $ D 
 0 
 � 
 � � � � � � 0 � 
 � � � � � � , � M � � � � � � 
 � � F 
 0 � , $

D � � � � � � � � � � � 
 � � � � � � � � � � � � = � 
 � = � 
 � J � � � � � � � 0 � � � 0 � � � � � � � � 
 � � 
 � � � � � � , � � � � = � � � � � � � �

� � F � � 
 � F � � � b * � � � 
 � � L $ � I � � 0 L $ � L � � � � � = � � � � , ! $ D � � � � � � � � 
 , 0 � * � = � � 
 � � � � � � � � � , � M � 0

� � 0 � � � � � � � � 
 � � � 0 � � 
 , * � � 
 � � � ! , � � � � � � 0 � � � � � 0 $

NASA/CR—2001-210715 61



D � � , � L $ � � @ � � � � � � , � � � � F � � � � � � 
 � � � � � 
 * � � � � � � � 
 , 0 � * � = � � 
 � �

� 
 * � = � D � � � � � 
 , 0 3 K � � , 0 5 L * � = � � 
 � F � � =

@ � � � � � � � 8 N � � E \ � � N \

% � * = N � � 8 6 � � � � � � � � � � � � 8 N � � E � � N � � N \

% � * = N � � � �
� 8 �

�
� �

� 8 	 � I \ � � 	 � 8 � � 3 L 	 � 5

� ! � !  & � � 3 � ' � � � � ' 1 � � , � � � � 4 ) 3 � �

4 � F � � � � 
 � � 0 � � � 
 � � � � � � , � � � � = � , , ! � � 
 � � 
 � � = F � � � � � � , � � � � � : � � � � � � � � % F * � � � � � � � � � � � � � � 0

� ! � � � � � � � 
 , 0 � * � = � � 
 � � � � � 0 � � � � 0 � 
 � � � 
 0 0 � 
 � � � 
 � �� � 
 � �� � 
 � � = 
 F � � � � � � 
 � 
 �

� 
 � � $ 6 � � � � * � � � � � � � � � � � � ! � � b * � � � � 0 � � � � 0 � � = � 
 � �� � � � � , � � � � � � * � � � � � � � � � � � � � � ! � � b * � � � �

0 � � � � 0 � � = � 
 � �� � 3 � � 0 � 
 � �� � 5 $ Y � � � � � � � � � � � � � 
 , 0 � * � = � � 
 � � � � � � � � � , � M � 0 � 
 � � = , * 0 � � , ,

� � � � . � = � � � � � � � � � � � � � � � � � � � � � � � 
 , , 
 � � �

� � � ��
�

�
�� � � �� �

�� � � ��
� �

�

�� � � 3 L $ E E 5

� � � � � 1 � � � J � � � 0 � � � � � = 
 � � � � � � � � 
 � � > � � 
 � � � � : � � � � F � � � � , 0 � � � $ D � � � � � � � � � � � � �� �

� � 0 �� � � � � 0 � > � � 0 � �

�� � � � � � � � � �

�� � �
�

I
� � � � � 
 � 
 � �

D � � � � 
 � F � � = 
 � � � � � � � � � 
 * � � � � = � * � � � � � � � � � 0 0 � � � � � = 
 F � � � � � � 
 � 
 � � , , � � � � � � . � = � � � �

� � � � � � � � � � � � � � � � $ � � � � � � , , ! � � � � � � � � � � � � � � � , � � � � � � , � � � � � M � � 
 � � � � � � � � � � � � � � 0 � � � � 0 
 �

� � � � : � � � � � , 0 � � � � � 
 � � = � � � � � � � � 
 � , ! � � � 0 � � � � � � � � � 
 , 0 � * � = � � 
 � L � � � � � ! � � , 0 � * � = � � 
 � $

D � � � � � � � � � � � � � , � 0 � � � � � � � � 
 � = � 
 
 � � � � � * = � � � 
 � F 
 � � � � � � � 
 , 0 � * � = � � 
 � $

� $ � � � � F 
 � � � � � � � � , � � � � � � � � � � = 
 � � 
 � � � � � � , , � � � � � � � � � . � = � � � � � � � � � � � � � � � � � � � � $

E $ D � � � 
 , ! � 
 F � � , � 
 � F � � = 
 � � � � � � � � � 
 � 0 � . � � � � � � � � � 
 � � � � = � � � � � b * � � � 0 � 
 0 � � � � � � � �

� 
 � � � 0 � � 
 , * � � 
 � , � � � $

I $ 9 b * � � � 
 � L $ E E = � � � � � � � � , ! � � 0 * = � 0 � 
 � 
 F � 
 � � � � = , � � � � = � , ! � � , 0 � * � = � � 
 � � � ! = � 
 
 � � � �

� * � � � � , � � � , * � � � 
 � 1 � � � J � � � 0 � � � � � � 
 � � � � D � � , � L $ � $

NASA/CR—2001-210715 62



L $ L 
 � � * � � � � � � � , 
 � 0 � � � 3 �� � � �� � � \ 5 � � � � � � 
 � � � * � = � � 
 � � , � 
 � F � � 0 * = � � � 


� � � �� � � �

� � � = � � � � � � � � � F � � 
 � F � � � � � � � � � , � � � J f � 6 � F 
 0 � , $ D � � � � � � � * � � � � , , � � * � � � * , � �

= � � � � = � � � � M � � � � � � F 
 0 � , � � � � = � � � 0 � � � � , � 0 � � � * � � � b * � � � � � = � � 
 � � $

L * � � � � � � � 
 � � � � � � � � � : � � � , � � ! 
 � 0 � � � > � � � � � � � � � � � 
 � � � � � � � � 
 , 0 � * � = � � 
 � � � F 
 0 � > � 0 � �

� � � � ��
�

�
�� � � �� �

�� � � ��
� �

�

�� � �
�

� � � � 3 L $ E I 5

W 
 � � = � � � � � � � � � � � 
 , 0 � * � = � � 
 � � � � � � � b * � � � 
 � L $ E I � , � 
 � � 0 * = � � � 
 � � � � � � � , � � � J f � 6 �

F 
 0 � , � 
 � � * � � � � � � � , 
 � 0 � � � 3 �� � � �� � � \ 5 $

� ! � ! � � , � � + � � � � � , � ) 3 � � , + � 1

L * � = � � 
 � � � � � � = � 0 � � � � 0 � 
 � � � � � � � � � � � , � � � � � � , � � � � = � 
 � � � � 
 � � � � � � � � � F � � 
 � F � � �

� � 0 = � � � � � � � � � � � � �

� � � � � ��
�

�
� � � � �� �

� � � � ��
� �

�

�
�

�
�

� 3 L $ E L 5

� � � � � 1 � � � J � � � 0 � � � � � � � F � � � � � 
 � � � � � b * � � � 
 � L $ E I $ D � � � � � � � � � � � � � �� � � 0 � �� � � �

0 � > � � 0 � �

� �� � � � �

� �� �

�

I
� � � � � 
 � 
 � �


 � � � � � � � � � � * � = � � 
 � � � � � � � J � � � � � � � 0 � � � 0 � � � � � � � � 
 � � 
 � � � � � � , � 3 � b * � � � 
 � � L $ � I � � 0 L $ � L 5 �

� � 0 � ! � � � � 
 � � � � � � 0 � . � � � � � � � � � 
 � 
 � � � � � 
 � � � � � � , � � � � = � � 0 � � � � � � � � � 
 � � � 0 � � 
 , * � � 
 �

, � � � $ � � � � � � � � = � � 
 � � 
 � , ! � � � > � � , � 
 � F * , � � � � � � � � � � $ % � � � � , � 0 0 � � � � � � � 
 � � � � � � � � � �

4 � � � � 0 � : 4 $

� * � ; � & ;

D � � � � � 
 = � � � � 0 � 
 � , � � 3 � b * � � � 
 � L $ � 5 � � * � � 0 � 
 0 � � � � � � � � � 
 � , � � $ 
 � � � � � 3 � b * � � � 
 �

L $ � L 5 � � � � � � , � � � � = � � � � � � � � � � � � � � 
 � � � 
 � � � � � � 0 � �

�� �� � �
�

�

E �
� � 3 � � � 5

�
� � � � � � 3 L $ E [ 5

NASA/CR—2001-210715 63



� � � � �

� � � � 3 E � ��
�

�
�

�

�
� �

L

�
� �� � ��

�
�

�
�

�

�
� 5 � � � � � �� �

�
�

�
� � � � �

E

I
� ��

�
�

�
�

�

�
� � � � � � � �

9 b * � � � 
 � L $ E [ � � � � � � 
 � , � � � 
 � � � � � � 
 � 
 � � 0 F 
 0 � , $

� ! � * � � � � 9 � & ;

D � � � � 
 , * � � 
 � � b * � � � 
 � � � 
 � � � � � � � � � � � , � � � � � � , � � = � � � � 
 � � � � � � 0 � � � � � F � , � � F � � � � � * � � � �

� b * � � � 
 � L $ � E � � � 
 , , 
 � � �

�� � � � � �
�

�
� � �

� �� �� � �
�

�
�

�
� � �

�
�

� � � �
� � � � � 3 L $ E Z 5

� � � � �

� � � � 3 E � � ��
�

�
�

�

�
�

L

�
� � �� � ��

�
�

�
�

�

�
5 � � � � � � �� �

�
�

�
� � � �

E

I
� � ��

�
�

�
�

�

�
� � � � � �

� � � � � � � � � � � � � � � � � � � � , 0 � � � � � 
 � � = � � � � � � � � � � 
 � $ 9 b * � � � 
 � L $ E Z � � � � � � � 
 , * � � 
 � , � � � 
 � � � �

� � 
 � 
 � � 0 F 
 0 � , $

B 9 � � � 9 & * � � 9 � � � � � � � ! � � � � & � � � 9

D � � � � � � � � � , = 
 F � , � � � = � � � � � 
 � � � � 
 � � � 
 � � � � � � 0 � ! 0 � . � � � � � � � � � � � � 3 � b * � � � 
 � L $ � I 5 $

� � � 
 � � � �

�
�

�
� � �

�
� 
 �

�
�

�

�
�

� �
� � �

� � 
 � �

�
� � �

� 3 L $ E � 5

D � � � � � � � � � , = 
 � � � � � * � � � � � � � � � b * � � � 
 � � �

�� � � � � � � 
 �
�� 
 � 3 L $ E � 5

� � � � � � � � � � � 0 � � � , � = � F � � � , � N � � � � � � � , � � � � � � � � � = 
 � G * � � � � � 
 � � � � � � � , � � � � � � � � � � 
 � 3 � � � 5

� � 0 � � � 
 � � � � � � � � � � � � � , � � � . � � � � � � � � 
 � 3 � � �

�
� � 
 � 5 $ 
 � � � � � � � � b * � � � 
 � L $ E L � � 0 0 � . � � � � � � � � � � �

NASA/CR—2001-210715 64



� � � � �

� � � 
 � � 3 L $ E � 5

�
�

�
� �

�
�

�
� �

� � � 3 E � 3 E � � � � 5 � ��
�

�
�

�

� � �

I
� �� �

�
�

� � � �

E �
3

E

I
� � � � 5 � ��

�
� ��

�
�

�
�

�

�
5 � � � � 
 �

� � 3 � � � � 5 � �� �
�

�

�
� � � � 
 � � � � �� �

�
�

�
� � 
 � � �

� E �

I
� ��

�
�

�
�

�

�
3 � � � � 
 � � � � � � � 
 � E

I
� � � � 
 � � 3

E

I
� � � � 5

�

� ��
3 � � � � � � � 


�
� �

�
� E � ��

I
� � � � � �

� 
 � 5 5

� L �

�
� ��

�
�

�
�

�

�
3 3

E

I
� � � � 5

� ��

� ��
� 


�
� �

�
� � � � � 
 � � � � 5 � � � � � � � �

� �
� � � � � � 
 � � �

D � � � = 
 F � , � � � = � � � � � 
 � � � � � � � � � � � � � 0 � � 0 � * � � � � � * � � 0 � � � b * � � � 
 � L $ E � � � � , , = 
 F � , � � � , !

0 � > � � � � � � � 
 , * � � 
 � 
 � � � � � � � � , � � � � � � $ � � � � � � � � � � 
 F � b * � � � 
 � L $ E � � � � � � � � � � � � � � � ,

= 
 F � , � � � = � � � � 
 � = 
 � � � � � � $ � � 0 � � � � 0 � 
 � � � � 0 � � � � � 
 � � = � � 0 F � � � � � � � � � � , � � � � � � � � $ D � * �

� b * � � � 
 � L $ E � � � � � � � , ! � 
 � 8 , � � � � � � � 0 � � � � 0 � � � � 0 � � � $ 4 N � ! 0 � . � � � � = � � � � � � � � � � � � F 
 0 � ,

� � 0 � � � � � � � , � � � J f � 6 � F 
 0 � , � � � � � � � � � � � � , = 
 � � � � � * � � � � � � � � � b * � � � 
 � $ Y � � � � � � � � 
 � � ,

� � � � � � � , � � � � � � � � � � � � � � � � , � � � 0 � 
 � � � � � � � � � � , � � � � � � � � � � 3 �� � � 5 � � � � , � � � � � � � � � � , � � � F 
 0 � ,

� � � 0 � � � � � 
 � � = � � � � � � , � � � � � � F � , 
 ! � 0 $

� � � �  	 � 	 � � 	 � 	 � 	 � 	 � � � � � 	 � 	 � 	 	 � � 	 � 	 � 	 � 	 � �

D � � F 
 0 � , � 
 � � � � � , � � � � � � 0 � � � � 0 � � � F � � � � � � , � � � � F � � � � � � � � � � � � 0 � 
 � � 0 � � � � F � � � 0 � 
 �

� � � 0 � � = 
 � � , � � � � � Z [ \ ] + $ D � � � � � � � � F � � � � � � � � � * F F � � � M � 0 � � , 
 � $

� $ L , 
 � , � � � � � � F � � � � � 3 � � � � � 5 � � � � � � � � � � � � � 
 , 0 � � � � � � � � � * � � � � � � � � � � � � � � 
 = � � � � 0

� � � � � � � � � � = 
 � � � ! 
 � � � � F � � � � � � , � � � 0 ! � � � � � : � 
 � � � � $

E $ Y � � 0 � � � � � � � � � F � � � � � 3 � � � 5 � D � � � � � � � � � � � 
 � � � � , � � 
 � � 
 � N � � � 0 � � � � � 
 � � � � F � � � � � � ,

0 * � � � � � , � � � � = 0 � � 
 � F � � � 
 � $

I $ G � = 
 � � � ! � � � � F � � � � � 3 � � N 5 � D � � � � � � � � F � � � � � � � � � � � 
 = � � � � 0 � � � � � � � � � = 
 � � � ! F � = � 8

� � � � F � � � � = 
 F � � � � � � � � � � � � � � � 0 � � � � � F � = � � � � � F � � � � � F � � � � � � , $

L $ D � � � � � 
 , 0 � * � = � � 
 � � � � � F � � � � � 3 1 � � � J � � � 5 � 6 � � � F � � � � 1 � = � , � � � � � F � � � � � � � � �

� � � � � � � � � � � � � � , � J � = � , � � � � � � � 0 � � � � � � � : � 
 � � � � $

NASA/CR—2001-210715 65



D � � � � � � F � � � � � � � � � � � 
 �  � �
�

�
� � � 
 � � � � � 
 � � � * � � � � � � � , 
 � 0 � � � � � � � � � � � � 
 , 0 � * � = � � 
 � �

� � 0 � � � = � � � � � 
 � � � 0 � � 
 , * � � 
 � � b * � � � 
 � � � � , , � � 0 * = � � 
 � � � � � � � , � � � J f � 6 � F 
 0 � , $

D � � F � � � 
 0 
 , 
 � ! � 
 � = � � � � = � � � � M � � � � � � � � F � � � � � � � � � F � � � � � � , � � � � F � � � � � � � � � � 
 , , 
 � � �

� $ + 
 � 0 * = � � * � � � � � � � � : � � � � F � � � � 
 � � � � 0 � � = 
 � � , � � � $ L � � � � � � � � � F � � � � � � � � 
 = � � � � 0

� � � � � 
 � � � 0 � � 
 , * � � 
 � , � � � 3 J f � 6 � � � � � F � � � � � 5 � � � � � ! � N � � � � � � 0 � � 
 � � � � �

0 � � � * � � � � 
 � � � F � M � � � 
 � $ � � � = � �� � � �� � � \ � � � � � � � F � � � � � 1 � J � � � 0 � � � � , , � 
 � � . � = �

� � � � � � 0 � = � � 
 � 
 � J f � 6 � � � � � F � � � � � $

E $ + 
 � 0 * = � � : � � , � � � � � 
 � � � 0 � : � � , = 
 F � � � � � � 
 � � : � � � � F � � � � 
 � � � � 0 � � = 
 � � , � � � $ 
 � �

� � � J f � 6 � � � � � F � � � � � 3 
 � � � � � � 0 � � 
 F � � � � � 5 � 
 > � � � � � � � � F � � � � � 1 � J � � � 0 � � � 


� � � � � 0 � � � $

I $ 9 � � * � � � � � � 1 � � � J � � � 0 � � � � � � * = � � � � � � � � � � � * , � � � � � � � � � � , � � � � � � 
 , 0 � * � � � = � � �

= 
 � � � : � � � � � � � ! � � � � � � ! � � � % � * = N � � � � � � � � � , � � ! � 
 � � * , � � � � � � F � � � � � � , � 
 � � � $

D � � � � � � � � � � � � � � = � � � � � ! � � � � � � � � 0 * � � 
 , � F � � � � � 
 � � � � � � � � � = * � � � � � = � � � � = � � � � M � � � 
 � � 
 
 , � �

� � � = � � � � � : � , � � � � 0 � � 0 � � � � , � � � � � � 
 , , 
 � � � � � * � � � = � � 
 � � $

� ! � !  - + � + � ' ) ' � 1 + 1 1 � 4 3 + ) ' �
� 3 ) � � � � + � � ' � � , � ) 3 � �

J f � 6 � � � � � F � � � � � � � � > � � 
 � � � � * � � � � � � � � : � � � � F � � � � , 0 � � � 
 � � � = 
 � � , � � � $ D � � � � � 0 
 � �

* � � � � � � � + 
 � � � � � * � � � � @ � � � � � � , 6 � � � F � � � � 9 � � � F � � 
 � 3 + j @ 6 4 G 9 5 � � � 
 � � � � � � � � = N � � � 0 � 8

� � , 
 � � 0 � ! � � , � � � � � � , � � � � � � $ + j @ 6 4 G 9 � � � � * � 
 � � W 4 � 4 8 J G + = 
 F � * � � � � ! � � � F $

@ � � � � � � , � � � � F � � � � � � � � 0 � � � � F � � � 0 � ! F � � � F � M � � � � � � � � � 
 � � � � � � � � � � � � � : � � � � F � � � � , 0 � � �

� � 0 � � � � � � 0 � = � � 0 � � � � 
 � � � $ � � * � � � � 
 � � 
 � � � F � M � � � 
 � � � 0 = 
 � � � � � * � � � � F 
 0 � , 3 � � � � � � 0 5

� � � , ! � � � � = � � � � � � � � � � � F � � � 
 � � � � F � � � F * F � � � 
 � � � � � � � � 0 � F * , � � 8 
 � G � = � � � � 
 � � � F � M � � � 
 �

� � 
 � , � F � � � 0 � � � � � 
 , � � � � � � 
 � � � F � M � � � 
 � * � � � � � � � b * � � � � � , b * � 0 � � � � = � � 
 � � � F F � � � � � = � 8

� � b * � $ � � � � � � � � � � F � � � � � � � � � � � � � � � � * F F � � � M � 0 � � , 
 � $

NASA/CR—2001-210715 66



� � � 1 & * 4 9 & * / � � �

D � � � F 
 0 * , � � � � � � � 
 � � � � , � � 
 � � * F � � � = � , , ! � � F * , � � � � � � � � , 
 � 0 � � � � � * � � 0 � � � � � � : � � � � 8

F � � � � $ � � � � � � F � , � � � 
 � 
 � , � � � � � > � � � � � , � F � � � = 
 0 � � * � , � * � 
 � � � � � � , � � 
 * � � 
 0 � � , � � �

� � � � � � � , � F � � � � � � � F � � � � � � , � 
 � , � � � � � � � ! = � � � � � , � � ! $ 4 � * , , ! � F � , � = � � � � = N � � � 0 9 * , � � � = � � F �

� � � � = 
 � � � � � 
 � 0 � � � � , � 
 � � � � F � = 3 = 
 � � � � � � � � 5 � � � � � � � � � � . � � � � F � � � � : � � * � � 0 � � = � * � � 
 � � � �

� 
 � * � � � � � � � � 0 � * � � � � 
 � � � � � � , � � ! � � 0 = 
 � � � � � � � = � � � 
 � � � � � � � $

- � 9 � � � � ! � � / 4 9 & * / � � �

� � � � � � � � � � ! � � � , ! � � � � � � 
 , � � � � � � = � , = * , � � � 
 � 
 � � � � � F � � � � � � � � � � � � � � � � � � 
 � � � � � � 0 � = � � 0 � � 8

� � 
 � � � $ D � � � � � � � � � � � � ! � � � , ! � � � � � 
 � � � � 0 � � � = � � ! � � � � � � 
 � F � 0 
 � � � � � � � � � 
 � � � � : � , � = � �

� � = * � � � � � � 
 � F � � � 
 = � � � � 0 � � � � � � � � � 
 � � � � � � � � � � 
 � $ D � � � � � � � � � � � � � � � � � � � � � * � � , , ! 0 � � � � � 0

� � 
 F � : � = � � : � � � � � � 
 � � � � = 
 � � 
 � F � � ! � � � � � � � * � 0 � � , ! � � � � � � � � � � � � 
 � � = � � F � $ D � � � 0 � � � 8

� � � � 
 � � � � � � � � � 
 � = � � � � � � � F � � 
 � � 0 = 
 F � * � � � � 
 � � , � ; = � � � = ! � � � � , � � � � 0 � � � 0 � � � � � � � � � � � �

� � = � � � � � ! � � � , ! � � = � , 0 � � � � � � � 
 � 
 � � � � � � � � � � � � � � � � � � � � � � F � � � � = 
 F � = 
 F � , � = � � � 0 $ Y 
 � � � � � �

� � � � 
 � F � � 
 * � � � � � � � � � � � = = 
 F � � � ! � � � = 
 F � , � : � � ! $

� � � � 1 � � & � � � 9

D � � F * , � � 8 
 � G � = � � � � 
 � � � F � M � � � 
 � � � 
 � , � F � � � 
 � F * , � � � 0 � � + j @ 6 4 G 9 � � 0 � 
 , � � 0 * � � � �

� � � b * � � � � � , b * � 0 � � � � = � 
 � , � � � � � � � 
 � � � F F � � � � � = � � � b * � 3 � = � � � � N 
 � � N � � � � � � � 5 $ � � � � � , � � � �

� � � � * � � � � � � �

� $ % � � � � � � � � � � � , � � 
 � F * , � � � 
 � � � � � � � = , * 0 � � = 
 F � 
 � � � � � ! � � � � � � � � � $ � $ � = � � � � � � � � � � � �

0 � � � � � � � � � � � , � � $ % * � � � � 
 � � � F � M � � � 
 � � � � � � = � � � � 0 � � � � � � � � � � � , � � � � � F 
 0 � > � 0 � � 0

� � � � � � � � � � 
 � � � � � � � 
 � $

E $ J � � � � � , � = � , � � � 
 � 
 � G � = � � � � � * � = � � 
 � � � � � � , , � � 0 � � � � � � � � � � � , � � � 
 � � * F � � � = � , � � F 8

� , � = � � ! $

I $ L 
 � F * , � � � 
 � 
 � � � � � � , � 0 � � � � � 
 � � � F � M � � � 
 � � � 
 � , � F � � � 
 * � � � � � � � � � � 0 
 � G � = � � � �

� * � = � � 
 � $

NASA/CR—2001-210715 67



D � � � � � � � � � 0 
 � G � = � � � � � * � = � � 
 � � 3 � 5 � 
 � M � � � � � � � F � � � F � M � 0 � 
 > � 0 ! � � � � � � , � � � $ Y � � �

� 3 � 5 � � � : � � � � � � 0 � �

� 3 � 5 �

��
� � �

� � � � 3 � 5

�
�

3 L $ I \ 5

� � � � �

� � 3 � 5 �

�

E

� �
�

� � �

� ��

 � �

� � � � 


�
� 
 �

�

� � 0

�
�

�

��
� � �

� � � � � �
3 � 5 � �

� � � � � � � � � � � � � � 0 � � � � F � � � � � 
 � � � � � 
 
 � � � � � * = � � � � �

��
� � �

� � � � �

� � 3 � 5 � � � � � 
 � G � = � � � � � * � = � � 
 � � 
 � � � � � 
 
 � � � � � � � � � � � � � � , � � , * � � � �
3 � 5 $ �

�
� � � � � � * F � � �


 � F � � � * � � F � � � � � � � � 
 � � � , 
 � � � , 
 � 0 � � � � 
 � ! $ � 
 � � 0 �
� 


� � � � � � 	 
 
 = 
 F � 
 � � � � � 
 �

� � � � 
 � � � � � 
 F � � � , ! � � � � � 0 � � � � � � � � � � = � � � � , ! $ �

�

� � � � � � * F � � � 
 � F � � � * � � 0 = 
 F � 
 � � � � � � �

� � � � � � = * , � � � 
 
 � � � � � 
 � $

D � � � � � * � � � b * � � � F � � � � � � 0 � � 
 = � 0 * � � � 
 , , 
 � � 0 � 
 � * � � � � + j @ 6 4 G 9 � 
 � � � � F � � � � � � � �

F � � � � � � , � � � � F � � � � � � � � 0 � � � � , � 0 � � + � � � � � � Z $

� ! � ! � � ' ) ' � � 3 � + ) 3 � � � 	 ) � � ' 1 � � , � 	 � � 4 ) 3 � � � + � + � ' ) ' � 1
4 � � � � � � � � � � � � � � � � F � � � � � � � � 
 = � � � � 0 � � � � � 
 � � � 0 � � 
 , * � � 
 � , � � � � � 0 � � � � F � � � 0 � � 0

� � � � � � � � � � � �  �
�

� � � � � � � F � � � � � 
 0 � � � � F � � � � � � � � � � F � � � � � 1 � J � � � 0 � � $ @ � � � � � � ,

� � � � 
 � � � � 
 � � � � � � � , , 
 � 0 � � � � � � � � � � � � � � * , � � � � � 
 � 8 M � � 
 � � � � � � � � � � � � � � � � �� � � � 0 �� �

� � � � b * � � � 0 � 
 0 � � � � F � � � � � � � � � � � � F � � � � � $ % � � � � � 
 F * � � � : � � , � � � � � 
 � � � 0 = 
 F � � � � � � 
 �

� : � � � � F � � � � 3 � � � = � � � � * , � � � � 
 � 8 M � � 
 �� � � � 0 �� � 5 � � � � 
 � � * � � 0 � 
 � � � � � $

D � � �� � F 
 0 � , 3 � � = � \ 5 � � , , � � � 0 � = � � 0 � � � � = � , � � � � 
 � � � � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � 0

� � * � � � , , � 
 � = � � � * � � � � � � % � . � = � $ P ! � * � � � � , ! = � 
 
 � � � � � � � � � , * � � � 
 � 1 � J � � � 0 � � � �

� � � 
 � � � � , � � 
 F � � = � � � � � � � 0 � = � � 0 � � � � 
 � � � � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � � � � : � � � � F � � � � ,

NASA/CR—2001-210715 68



0 � � � $ D � � � � � 0 
 � � � � � � � � � � � , ! $ @ * , � � � , � � � � � 
 � � � � � F � � � � � 3 1 � J � � � 5 = � � � � � 
 * � 0 � � � �

F � ! > � � � � 0 � � � � b * � , , ! � � , , � � � � * , � � � � � � � � � � � � � � � � � � 0 � � � � � � F 
 0 � , � $ D � � � � 
 = � 0 * � � � 
 �

0 � � � � F � � � � � � � � � � 
 � � � = 
 F � � � � � � 
 � 
 � 3 1 � J � � � 5 � 
 � � � = 
 � � , � � � � � � : � , � � � � 0 , � � � � $ D � � �

� � , , 0 � � � � F � � � � � � � � � � � � � � % � � � � 
 F � � 
 � � � = � * � � 0 � ! � � � � . � = � 
 � � ! 0 � 
 � � � � � = � � � � � * � � �


 � � ! � � � * � � = � 
 � � � � 
 � � 
 � � $

� ! � ! # � � � � ' � 3 ) 6 � ' � � 3 � ' � ' � )

+ 
 � � � : � � ! 
 � � � � ! � � , 0 � * � � � = � � � � = 
 � � � b * � � = � 
 � % � * = N � � � � � � � � � , � � ! � 
 � � * , � � � $ D � � � F � � � �

� � � � � � � � � , * � � 
 � 1 � � � J � � � 0 � � � � � � 
 � = 
 F � , � � � , ! � � � � � � � � ! $ D � * � � � 
 � � � � � � � � � �

� � 
 * � � F * , � � � , � = 
 F � � � � � � 
 � � 
 � 1 � � 0 J F � ! > � � � � � : � � , � : � � � � F � � � � , 0 � � � � � � � � � � 
 � � � 0

= 
 F � � � � � � 
 � � 
 � , ! � � 
 � � = 
 F � � � � � � 
 � � � � � � � � � � � � ! � � � = 
 � � � : � � ! � � b * � � � F � � � � � � � = = � � � � � , � $

j * � , � � � 0 � � � � � � � � � 
 = � 0 * � � � 
 � � � � � ! = 
 � � � : � � ! 
 � � � ! � � � � � � * � = � � 
 � � � � � � � � 8 0 � F � � � � 
 � � ,

� � � = � 3 � ! � � � � 0 3 � � � � � 0 � � � E \ \ \ � � 5 $ 
 � � � � � � � � � � 
 = � 0 * � � � � � = � � 0 � � � � F � � � � � � , � F � � � � � � �

� � � = 
 � � � : � � ! � � b * � � � F � � � � , � = � � 
 � � � � � � � � � � 
 , 0 � * � = � � 
 � � � � � F � � � � � $

D � � � � � � = � � b * � � � F � � � � 
 � = 
 � � � : � � ! 
 � � � � � � � 8 0 � F � � � � 
 � � , � * � � � = � � � � � � � � � � = * � � � � * � �

F * � � � � � 
 � 8 � � � � � � � � � � � � ! � � � � � 
 � � � � � * � � � = � $ D � � � � � � � � � = * � � � � * � � 
 � � � � � * � = � � 
 �

� � � � 
 F * � * � , , ! � � � � � � 0 � = * , � � 0 � � � = � � 
 � � � � � � � � � � � � � � � , � � � � � � � ! � � � � � � 
 � � � 
 � � � �

� * � � � = � � F * � � � � � 
 � 8 � � � � � � � � $ @ � � � � F � � � = � , , ! � � � � � � � b * � � � � � � � � � � � = * � � � � * � � � � � � 
 � � �

� 
 � � � � � � 0 � > � � � � $

4 � � � � � � � � � ! � � = � 
 �
� � � � 0 � � � � � � � � � � � , � � � � 
 � � � � � � � � � 
 , 0 � * � � � = � � � � � � 
 � � � � � � � � = � � � ,

� � � � � � � � � = � � � L � � * � � L $ � $ D � � = 
 F � 
 � � � � � 
 � � � � � � � = � 
 � � � � � � � 
 � F � , � � 0 � � � � � � � � � ,

0 � � � = � � 
 � � � 
 � � � � � � � � � 
 , 0 � * � � � = � � � � � , � 
 � � 
 � � $ � � � = �
� � � � � � � � � � � � ! � � , , � � = � 
 � � � � � � , � �

� � � � � � � � � � � � � , � � � � � � � � � � � � ! 3 � � � � � � � � 5
� � � � � � � �

� � 0 � � 
 � � � � � � * � � � 
 * � � � � 0 � 
 � F � ,

� 
 � $ D � � * � � � � � = � 
 � � � � � � � � � � � � � � � , � � � � � � � � � � � � � � $ j � � � 
 � 
 � F � , � M � � � � � � � � � = � 
 �

� � � � � � � � � 
 � � � � � � � � � � � � � = � 
 � � � � � 
 
 � � � � = � , � � 
 � � � � � � � � � � � � , � � � � � � � � � � � 0 � � � � � � � �

* � � � � 
 � F � , � � = � 
 � � � � � , � $

NASA/CR—2001-210715 69



Tangent Plane

Threshold Surface

*

� � � � � �

3 � � � � � � � � 5 � �

L � � * � � L $ � � P � � � � � � = � 
 � 0 � � � � F � � � � � 
 �

D � � = * � � � � * � � � � � � � � � � � � � � � � , � , � � � � � � � � � � � !

�
� �

�

�
�

� � � � � � � � �

� � � � � � � � �

�
�

����
�

� � � � � � � � �

� � � � � � � � �

� � � � � � � � �

� ���
�

����
�

� � � � � �

� � � � � �

� � � � � �

� ���
�

3 L $ I � 5

� � � � � � � � � � � � � Y � � � � � � 
 � � � � � � � � !

� � � � �

�
�

�
� �

�
� �

3 L $ I E 5

� � � � � � � � � � � � � � � � = � � � , � � � � � � � � = � 
 � $ � = 
 � � � � � � 
 � � � 
 � � � � � � � = � 
 � � � � � � , � � � � � � � � , � � �

� � � � � � � � 
 � � � � � � � � � � = � � � , � � � � � � � � � = � $


 � � � � � � � � � 
 � � � � 
 = � 0 * � � � F � � � � � � , � � � � F � � � � � � � � 
 = � � � � 0 � � � � � 
 � � � 0 � � 
 , * � � 
 � , � � �

3 � � � � ! � � � N � � � � 5 � � 0 � � � � = � � � � 0 = 
 F � � � � � � 
 � � 
 � � � � � � � 
 , 0 � * � � � = � � � � � F � � � � � 3 1 �

J � � � 5 � � , , � � 0 � � � � F � � � 0 $ D 
 > � 0 � � � � � � � � = 
 F � � � � � � 
 � 
 � 3 1 � J � � � 5 � � � � 0 � � = � � � � �

� � � F � � � � � � , � � � � � � 
 � � = = * � � � � , ! � � � � � � 0 � 
 = 
 � � � 0 � � F � � � � � � , � � � � 
 � � � � 
 � , 
 � 0 � � � � �


 � � � � � � � � � * � � � � � � � � � 0 * � � � : � � , , 
 � 0 � � � � $ D � � � � � � � � � , � 0 � � � 
 � � : � � � � F � � � � � � � � � � , ,

� � 0 � � � � , � 0 � � � * � � � b * � � � = � � � � � � � $ 
 � � � : � � , � � � � � � � * � 0 � � � ! 0 � 
 � � � � � = � � � � � * � � � � , , � � � �

� 0 0 � 0 � 0 � � � � � � � $ D � � � � � � , , � � , � * � � 
 = 
 � > � F � � � � F � 
 � � � � = � 
 � � � 3 � � , * � 
 � 1 5 � 
 � � � � �

F � � � � � � , $

NASA/CR—2001-210715 70



� � � � � � 
 �

� � � � 	 � � � � � � � � 	 � � 	 � �

D � � � = � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � , � � � � � � : � � � � F � � � � , � 
 � N 
 � � � � , � � � � = 0 � � 
 � 8

F � � � 
 � 
 � F � � � , � $ W � : � � � � � 0 � � � � , � 
 � � � � � � � � � ! � � � F � � 0 � � � = � F � � � * � � 0 � � � � � � � � � � � �

� � � � � � � � � � � 
 � � � � � � � � � � � � 0 $ 4 0 � � � � , � 0 � � = � � 
 � 
 � � � � 0 � � � � � 
 � � : � � � � F � � � � � 
 , , 
 � � � � � � = �

� � � � � , � � � � � � F � � � 
 0 � 
 � � 
 , � � � � � � � . � = � 
 � � � = � � � � � � � � � � � � � � � � 
 � 0 � � 
 � F � � � 
 � � � � � � � �

0 � F � � � � 
 � � , � � � � = � � � , � � � � � � � � � = � $ D � � F � � � 
 0 � � � � � � � � F � , � > � 0 � 
 � � : � � , 8 � 
 � � � 
 � � , � � � = � $

L � � � , , ! � � � � � � � � F � � � � : � 
 � � � � = � � � � = � � � � M � � � 
 � � � � � � 
 � � � = 
 � � , � � � � � � � � � � � � � 0 $

9 : � � � � F � � � � , � � � , * � � � 
 � � � � � � F � 
 � � � � � � � � � � � � � � 0 � � � , 
 � F � � � 
 � F * , � � � : � � , � � � = 
 � , � � � � = 8

� � ! F 
 0 � , � $ � � � � � � � � , � � � � � � � ! � � � 
 � � : � � � � F � � � � � � � � � = � � � � � ! � 
 � * � � 
 � � � � � 0 � � � , 
 � F � � �


 � � � ! � 
 � � � � � � , � � � � 0 F 
 0 � , � 3 G 
 � � � � 
 � � � � � [ � 5 � 
 � � � � � � � F � � � � � * � � � � � * = � * � � , F � � � � � � , � $

D � � � � � � � � � � 
 , , 
 � � �

� $ �
�

M 2 K � 1 � K � � � � H � H � D � � � � � � � � � � * � 0 � � � � 0 � � � , 
 � F � � � 
 � � � � � � � 
 � � � � = � , � � � F � � 
 � N

� � 0 � � , � � : � F � � � � � � F � � � � F � � � = � , � � � � = � � 
 � � � � � � � F � � 
 � N $ L 
 � � � 
 � � � � � � , � � � � 0

� � � F � � 
 � N � � � � ! � � , � � � 0 � � � , 
 � � � � � � � � * � = � � 
 � � , � 
 � F � 
 � � � � J � � � � � � � 0 � � � 0 � � � � 8

� � � � 
 � � 
 � � � � � � , � $

E $ � & 1 � 1 J � � � * � 1 � * K ! � � H � H � D � � � � � � � � � � � 
 � � 0 � � � � � � b * � � � 0 0 � � � � � � � � 
 � 0 � � � � F � � � � � � � �

� � � = � > = � * � = � � 
 � � , � 
 � F � � � 0 � � � � � � � F � � � � � � � � � � � � � � � � � � � � � � = � > = F � � � � � � , � 
 � �

� � � = � > = � � F � � � � � * � � � � � � � $ 
 � * � , , ! � � � � � � � � � � F � , � � � � � � , � N � � � � � � 
 � � = 
 F � � � � � � 
 �

� � 0 � � � � � 
 � � � , � � � � � , ! � � F � , � � � � = � F � � � � 
 F � � � � � � $

NASA/CR—2001-210715 71



I $ � 1 2 * ( 1 � * K ! � � H � H � D � � � � � � � � � � � 
 � � 0 � � � � * , � � F � � � � � � � 
 � � � � = 
 � � � � � * � � � � F 
 0 � , � !

= 
 F � � � � � � � = � * � , � � � * = � * � � , = 
 F � 
 � � � � � � � � 
 � � � � � � � � � � , ! � � = � , � � � 0 � = � � 
 � � � � � � 0 
 �

� � � � � 
 � 
 � � 0 F 
 0 � , $ L 
 � F 
 � � = � � � � � � � F � , � � � � = � F � � � � 
 F � � � � � � � � � * � � 0 � � 0 � � �

, 
 � 0 � � � � � � � = 
 F � , � : � � 
 * � � � 
 � � � 
 � 
 * � , ! � � � � � � � F 
 0 � , $

D � � � � , � � � 0 = 
 F � � � � � � � � � � � � � � � � � � * � � � � F � 
 � � 0 � ! 0 � 
 � � � � � = � � � � � * � � � � 
 � � 0 � � � � 
 � F � � � 
 �

� � 
 * � � � � � � � � � > = � � = � 
 � � � � � 0 � � = � � � � � � � � � � 
 � � � 0 � � 
 , * � � 
 � , � � � � 
 � � � � F � � � � � � , $ � �

� � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � 0 � 0 � 
 � � * � � 0 b * � , � � � � � � � , ! � 
 � � , � 0 � � � � � �

F 
 0 � , � � � � � � � = , * 0 � � � � � � � � � � � � � � 
 , 0 � * � = � � 
 � $

� � � � 	 � 	 	 � � � 	
�

� 	 � 	 � 	 � � �

6 , � � � � = � � ! � : � � � � F � � � � � � � � � � � � = 
 � 0 * = � � 0 
 � F � � � , � � 
 � � * 0 ! � � � � � ! � � , 0 � � 0 � 
 � � � � � � � 
 � $

f 
 , * F � � : � � � � � 
 � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � � � � � F � � � � � � � � F � � ! � � � � � � � � � � � 
 � � $

P 
 � � * � � � : � � , � � 0 F * , � � � : � � , , 
 � 0 � � � � � � � � � � � � � � � 
 � � � 0 $ � * = � � : � � � � F � � � � 0 � � � � � = N � 


3 
 0 � � � � E Z � � � 
 � � � � � 0 � � � � � � , , � 0 F � � � , � * � � � � � � � � � � 
 � � � 0 � � � � � � � , � � � � � * � � $ D � � � �

� � � � 0 � � = � � � � � = ! � � � � � � � � : � � � � F � � � � , 0 � � � � � 0 � � � @ � � � � ! � � , 0 = � � � � � � 
 � � � � � = � , � 0

D � ! , 
 � � � 0 H * � � � � ! � � � I � � � 
 � * � � � � � � � � � � � � � � � � � � � � . � = � 
 � � � � : � � , 3 � : � � , � � 0 � 
 � � � 
 � � , 5

, 
 � 0 � � � � 
 � � * � * , � � � � � = � F � � � 
 � = 
 � � � � � � , * F � � * F � � 0 � � � � , $ � � � � � � � � , � � � � � � � 
 � N � � 
 � � 0

� 
 
 0 � � � � � F � � � � � � � @ � � � � ! � � , 0 = � � � � � � 
 � � 
 � � � � � � F � � � � � � , � $ D � � ! � , � 
 � � � � 
 � F � 0 , � � � �

0 � � 
 � F � � � 
 � * � � � : � � , � � � � � , � � � � � � 
 � � � � � � F � � � � � � , � � � 0 F 
 � � � 
 � � 0 � � � = � � � � � � � � � � � � � � � ,

� 
 , * F � 
 � � � � � � � = � F � � � $ D � � ! � 
 * � 0 , � � � � = � � � � � � � � � � � � � � � , � 
 , * F � � � � � = 
 * , 0 � 
 � � �

� = = 
 * � � � 0 � 
 � � ! � F � , , 0 � � � � � ! = � � � � � � � � 0 � � � � � � * � � 0 � � � 
 � � � � � � � 
 � � 
 � ! � � 0 * = � 0 0 * � � � �

� � � , � � � � = 0 � � 
 � F � � � 
 � $

@ 
 � � � � � : � � , � � � � � � � � � � 0 
 � � * � � � � � � 
 � 
 � � � 
 � � , , 
 � 0 � � � 3 6 � � , , � � � � � � , � � � [ � � � � Z � � � L � � 0 , � !

� � � , � � � Z E � � @ � = � � 
 � � 0 L � � 0 , � ! � � � � Z � 5 $ P � � : � � , � : � � � � F � � � � 
 � F � � � , � � � � � � � � � F � � � � 8

� * � � � 3 � [ \ \ ] + 5 � � � � 0 � ; = * , � � 
 � � � � 
 � F 
 � � � � � 
 � � � = 
 F � , � : � � ! � � � : � � � � F � � � � � � 
 � � � 0

� � � � � � 
 = � � � � 0 0 � ; = * , � ! � � � = = * � � � � F � � � * � � F � � � 
 � � � � � � � � $

% � � � � 0 � � = � 
 � � � � , � � � � = 0 � � 
 � F � � � 
 � 
 � � ! 0 � 
 � � � � � = � � � � � * � � � � � � � � � � � 
 � � � � � 
 � � = 
 �

� � � � � � � � � � � 
 � � 
 � F � � � , � $ + 
 � � � � � ! � 
 � � � � : � � � � F � � � � , > � 0 � � � � 
 � P � � 0 � F � � � � � [ E � � � 
 F �

F � � � , � � � � � � : � � � � � � 0 0 � � � � 0 � � = � 
 � � 
 � 
 � � ! 0 � 
 � � � � � = � � � � � * � � $ % � * = N � � � � � � I � � 
 � � � � 0

NASA/CR—2001-210715 72




 * � � � � � � � � � % � � � � 
 F � � 
 � = � � � � � * , � � � � = 
 � � � b * � � = � 
 � � � � � � * � � 0 � � � � 0 � � � ! � � , 0 � � � $

� � � � M � � � � � , � � � � [ � � � � � � � 
 � � � � � � � � � � � � , � � � � � � � � � � � � � � � � , � 3 � � F � � � � 0 L I � \ � � 0 L I I \ 5

� � � � � : � � � � � � 0 � % � . � = � � � 0 � � 0 � � 
 � � 0 � � � � � * � � 0 � � � � 0 � � � ! � � , 0 � � � $ D � � � 
 , * F � � : � � � � � 
 �


 � � � � � � 0 � � � � � � � F � � � � � � , � � � � � � � = = 
 � 0 � � � � � � � � : � � = � � 0 � � = � � � � � � � 0 � � , 
 = � � � 
 � 0 � � � � � !

0 * � � � � 0 � � 
 � F � � � 
 � � � * � 0 � 0 � 
 � � � � � � � � � � � � � � 
 � F � , � � ! � * , � � � � 0 � = � � 
 � � $

4 � 
 � � � � � ! � � 
 � � , � � � � = � � ! � : � � � � F � � � � � � � � 0 � � � � F � � � � � 
 � 
 � � � � � � � , � � 0 � * � � � b * � � � ! � � , 0

� * � � � = � � $ + 
 F � � � � � � � � � � � � � � � � � 
 � � � � � � � : � � � � F � � � � � � � � � � � � � � 
 � � 0 � 0 � ! @ � = � � 
 � � 0

L � � 0 , � ! � � � � Z � � � 0 Y � = N � � � � � � Z � $ @ 
 � � 
 � � � � � � � : � � � � F � � � � � � � 
 , � � 0 � : � � , � 
 � � � 
 � � , , 
 � 0 � � �


 � � � � � � � , , � 0 � * � * , � � � � � = � F � � � $ D � � � � 
 � � � 0 = 
 � � 
 � * � � � � � � � � � � � � 0 � � � � � � = 
 � � � 
 , , � 0

, 
 � 0 � � � � � � � � � � � � � � � � � � � 0 � ! � 
 F � � � � � � � = � � � � $ 6 � � , , � � � � � 0 3 * � � � � L � * � � 0 � � � � � � � � 0

� � � � � � = 
 � � � 
 , , � 0 , 
 � 0 � � � � � 
 0 � � � � F � � � ! � � , 0 � * � � � = � � � 
 � � * � � � , * F � � * F � � 0 � 
 * � 0 � 
 � � 8

� � � = � � � , � 0 � . � � � � = � � � � � � � � � � � � � 
 $ j � � � � 
 � � � � � � � 0 � � 
 F � � � � � � � = � � � � � � � � � � � � 0 � � � � � �

= 
 � � � 
 , , � 0 , 
 � 0 � � � � 
 � � � � � � = 
 � � � 
 , , � 0 , 
 � 0 � � � � � 0 � � � * � 0 � � � � � � � � 
 � F � � , � � 0 � � 
 F 
 � �

� = = * � � � � � � � * , � � 3 � * � � 0 K � � � � � � � � � 9 , , � � � � � , � � � � I � 5 $ % � � � � 0 � � = � 
 � ! � � , 0 � � � 
 � � � : 8

� * � � � � � 0 � � � � F � � � 0 � ! 4 , � � 
 . � � 0 � � � = � � � M � � � � E � � ! � : � � � � F � � � � 
 � � � : � * � � 0 � � � � � � � 0

� , * F � � * F $ � * � � � b * � � � ! � � , 0 � * � � � = � � � � � � � , � 
 � � 
 = � , � 
 � � � � � F � � ! � : � � � � F � � � � , � � � � � � � � � 8

� � 
 � � 3 W � � 0 � � � � � , � � � [ � � � 6 � � , , � � � � � 0 D � � � � � � � E � � � � , , � � F � � � 0 � � � � � � 
 � � � � � \ � � � � � � 5 $ � �

� � � � � � , � � � � � � � , � � � � = � � � � � � � � � � � � = � 
 � � � � � 
 * � 0 � 
 � � � 
 � F � , � 
 � � � ! � � , 0 � * � � � = � 3 @ � = � � 


� � 0 L � � 0 , � ! � � � � L � � 6 � � , , � � � � � 0 @ 
 
 � � � � � � � � T � � � � � 0 � � � � � � � � I � 5 $ D � � � � * � � � � � � � � � �

� � � � � 
 = � � � � 0 � 
 � , � � � � � � 
 
 0 � � � � 
 : � F � � � 
 � � 
 � F 
 � � F � � � , � $

D � � � � � � � 
 � � 
 � � * � � � = � � � � � � � 
 � � , ! 0 � � � � 0 � � � 
 � � � � � 
 � 0 � > � � � � 
 � 3 = � � � � � � I 5 $ D � � � �

� � � � � � � � 
 F � � . 
 � � � � � � � 0 � � � � F � � � � � 
 � 
 � � 
 � � * � � � = � � � � 
 � � � * � � � = � � 
 � = 
 � � � � � � � � � , � � � � =

� 
 � � � 3 � + � 6 � 5 3 + , � � � � 0 � � 0 3 � = 
 F � � � � � � � � 5 � � 0 � * � � � = � � 
 � = 
 � � � � � � � � � , � � � � = � � � � � � � � � �

3 � + � � G � 5 3 P � � � � � � � � � 0 P � , , � � � � Z � 5 $ D � � � � � 
 � � * � � � = � � � � � � � � � � � 0 � � � � F � � � 0 0 � � � = � , !

0 * � � � � � : � � � � F � � � � 
 � � ! * � � � � � 
 � � � : � � � � F � � � 0 � � � � � 0 * = � � 
 � � � = � � � b * � � $ L 
 � 0 � � � = �

0 � � � � F � � � � � 
 � � � � � � � � , � � � � = � � � � � � � � � � F * � � � � = � , = * , � � � 0 � � � � � , � � F � 3 9 , , � � � � 0 G 
 � � � � 
 �

� � � � [ � � P � � � � � � � � � 0 P � , , � � � � Z � � 3 � � � � � 0 � � � � � , � � � � � � � 5 $

J � , � � � � � � � � � � � � , � � � � 0 � � � : � � � � F � � � � , � � 
 � � � F � 
 0 � � � � F � � � ! � � , 0 � � 0 � 
 � � * � � � = � � � 
 �

� 
 , * � � 
 � � 0 � � 0 � � � 0 � � = 
 � � , � � � $ 
 � � � � � : � � , 8 � 
 � � � 
 � � , , 
 � 0 � � � � + � � G � � � 0 � + � 6 � � � � : � � , 8

� � � � � � � � � � � � , � � � � � � � = 
 � � � � * = � � 0 3 � 
 � � � F � � � � � * � � � � � � � � � � E I ] + � � 0 Z L � ] + 5 $ Y � � 
 * � 0

NASA/CR—2001-210715 73



� � � � � � � � � � � � � , ! � � , 0 � * � � � = � � � 
 � � 
 , * � � 
 � � 0 � � = 
 � � , � � � � � , 
 � � � F � � � � � * � � � > � � � � @ � � � �

= � � � � � � 
 � $ Y 
 � � � � � � � � � ! � � , 0 , 
 = � � 
 � � 
 , * � � 
 � � 0 � � = 
 � � , � � � � � � � � � � � F � � � � � * � � 3 � I [ \ ] + 5

� � 0 � � � ! � � , 0 , 
 = � � 
 � � � � 0 � , , 
 ! � 
 � � , , � � � � � F � � � � � * � � � � � � � � � � � � � � 0 � � � 
 � � 0 � � � = = � � � � � = � � !

� 
 � � � 0 = 
 F � � � � � � � � � � � � � � 0 � � � = � � 
 � 3 � � � L � � * � � � $ � 3 � 5 5 $ D � � � � � � � � � % � � � � 
 F � � 
 � � �

� � = 
 � � , � � � � � 0 � � � � � � 
 � � = 
 � � � � � � � � � � � � � � � � � � � 
 � $

� � � � � � � � , � � , � � � � = � � ! � : � � � � F � � � � 
 � F � � � , � � � � � 0 � � , � � � � � 0 � � � � F � � � � � ! � � , 0 � * � � � = � � 3 � � � 8

� � � , � � 0 � * � � � b * � � � 5 � � 0 > � 0 � � � � � � � . � = � 
 � , 
 � 0 � � � 3 � ! � � 
 � = 
 � � � 
 , � � � � � 5 
 � � � � 0 � � � � �

� � � � � � 
 � $ D � � � . � = � 
 � � ! 0 � 
 � � � � � = � � � � � * � � 
 � ! � � , 0 � � 0 � 
 � � � � � 
 � � � � � 
 � � = 
 � � � � � � � � � $

D � � � � � � � � � � 
 � N � � � 
 , � � � , 
 � 0 � � � � � � 
 � � * � � � : � � , � � 0 � � � : � � , 3 � : � � , 8 � 
 � � � 
 � � , 5 � 0 � � � � � � � �

� � � , � � � � = � � � � 
 � � 
 � � � � 0 � � = 
 � � , � � � � � Z [ \ ] + $ 9 , � � � � � 0 � � F � � � � � * � � � : � � � � F � � � � � � � 
 , � 8

� � � F * , � � � : � � , , 
 � 0 � � � � � � 0 � ; = * , � � 
 � � � � 
 � F � 
 � � � 
 � � � � 
 � � i 3 � 5 0 � ; = * , � ! � � � = = * � � � �

F � � � * � � F � � � 
 � � � � � � � � � � � , � � � � � 0 � � F � � � � � * � � � � 0 3 E 5 � � � � � � 0 � 
 � � * = � � : � � � � F � � � � � � �

� 
 � � � , � � � = � * � � � 
 � ! � � � F � � � = � . 
 � � � � � F � 0 � � 
 0 � � � � F � � � � � � � � 0 � � � 0 * � , � . � = � � 
 � � � � � � �

� � � � � � � � � � 
 � � � � � � � , � � � � = � 
 � 
 � F � � � , � $ j � = 
 * � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � �

� * = � � � � b * � � � F � � � � � 
 � 0 � � � 
 = � � � * � � � � � � % � � � � 
 F � � 
 � $ 4 = 
 F � � � � � � � � � � � � = � � � b * � � 


= � � � * � � � � � � % � . � = � � ! � � � � � � � � � � � � � � � � � . � = � 
 � � , , � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � , � � � � =

0 � � 
 � F � � � 
 � � � � 
 � � � � 
 � � � 0 � 
 0 � � � $

� � � � 	 � � 	 � � 	 � � 	 � � 	 � � � � 	 � 	 � 	 � � 	 � 	 	 � �

4 � @ D � � : � � , 8 � 
 � � � 
 � � , � � � � � ! � � � F � � � * � � 0 � 
 � � � � * � � � : � � , � � 0 � � � : � � , � : � � � � F � � � � $

4 � � � � � � � 0 � � � � � � � � � * � � 0 � � 
 � F � � � 
 � � � � � � � � * � � � � * � � 0 � 
 � � � � � � � � * � 0 � � � ! 0 � 
 � � � � � =

� � � � � * � � $ D � � � � � = � F � � � * � � 0 � 
 � � � � � � � � � � � � 0 � . � � � � � � � 
 F � � � � � � � 
 � � � = � 
 � � � � � � � ! � � � F � $

� ! � !  & � � �
� 3 + , � � � � 1 3 � � + , ) ' 1 ) 1 6 1 ) ' �

D � � @ D � � � � � � ! � � � F 3 � � W 4 � 4 8 J , � � � G � � � � � = � + � � � � � 5 � � � � � � � 
 8 � ! 0 � � * , � = � � � � F � = � � � �

� � � � � � � � � : � � , , 
 � 0 = � � � = � � ! 
 � E E E [ \ \ W � � 0 � � 
 � b * � = � � � = � � ! 
 � E E Z \ W 8 F $ D � � � � � = � F � � �

� � � � � � � � � 0 � ! � ! 0 � � * , � = � , , ! � = � * � � � 0 � � � � � $ � � 
 � � � � L � � * � � [ $ � � � � � � = 
 F � , � � � � � � � � ! � � � F

� � � � � , , � � � � � b * � � � 0 � = = � � � 
 � � � � $ D � � � 
 � � � � � 
 � � � � , 
 � 0 � � � F � � � � � � � = � � 0 � 
 � � � : � � , 8

� 
 � � � 
 � � , , 
 � 0 = � , , � � � � � � � * � � � � � � � � = � � 0 � 
 � � � = � 
 � � � � � 0 � � � � = � � � F � � � � > : � 0 0 * � � � �

NASA/CR—2001-210715 74



L � � * � � [ $ � � @ D � 4 : � � , 8 D 
 � � � 
 � � , � � � � � ! � � � F � � W 4 � 4 J , � � � G � � � � � = � + � � � � �

� � � � � $ D � � � 
 � � 
 F � � � � � � � � � � = � � 0 � 
 � � � = � * � � 
 � = � � � � , � 
 � � � 0 � � � � 0 � � � � 
 � � � � 
 � � , � � 0

� � � � � = � , � � � � � , � � � 
 � � , F 
 � � 
 � � $ D � � � 
 � � � � 
 � 
 � � � � � = � * � � 
 � = � � � � = 
 � � � 
 , , � 0 � � � = , 
 � � 0

, 
 
 � � ! � � � F � ! � � � � � � , � 
 � � 
 � � � � 
 � � � 
 � b * � � � 0 � � � � � � � � � � � � � � , � � � � � � � � � = � , F 
 � � 
 � � �

= 
 � � � 
 , , � 0 � ! � � � � � � 0 � � � , � = � F � � � � , 
 � 0 
 � � : � � , � � � � � � $ T � , , * � � � � 0 P 
 � � = * � � � � � � \ � � � 
 � � 0 �

� 0 0 � � � 
 � � , 0 � � � � , � � � � � � 0 � � � � � � � � � : � � , � � � � F � = � � � � $

D � � � � � � F � = � � � � � � � b * � � � � 0 � � � � � � � 0 G * � � � � , � = 
 � , 3 > � * � � [ $ E 5 � [ \ N � � * 0 � 
 � � � b * � � = ! �

� � 0 * = � � 
 � � � � � � � � � ! � � � F = � � � � , � 
 � � � � � � � � � � � � � � = � F � � � � F � � � � � * � � � * � � 
 � \ \ ] + $ L 
 �

� � � � � � � � 
 � � � � � � � � = � F � � � � � � � � � � � � � � � = 
 
 , � 0 $ D � � � � F � � � � � * � � = 
 � � � 
 , � � 0 
 � � � !


 � � � � � � F 
 = 
 * � , � � � 
 � � � , 0 � 0 � 
 � � � � � � � � � = � F � � � � � � � � � � � � � = � � 
 � $ D � � � � F � � � � � * � �

0 � � � � � � * � � 
 � � � � � � � � � � � � = � � 
 � � � 0 � � � � F � � � 0 � ! � � � � F 
 = 
 * � , � � � � � = � � � � � � 
 � � � , 0 � 0 � 


� � � 
 * � � � � * � � � = � 
 � � � � � � � = � F � � � � � � � � � � � � � = � � 
 � $ D � � � � F � � � � � * � � � � � � � � � 
 � � � , � F � � � 0

NASA/CR—2001-210715 75



L � � * � � [ $ E � + , 
 � � * � � � 
 � � � � � � � � � � = � F � � � � � � � � � � = 
 � , � � 0 � : � � � � 
 F � � � �

� 
 � � � 
 � � � � � � � � � � � � F � � � � � * � � $ 4 � � � = , 
 � * � � � � 
 * � 0 � � � � � � � F � = � � � � , � F � � � � � � � . � = � �


 � � � � = * � � � � � � $ 4 : � � , � � 0 � 
 � � � 
 � � , � � � � � � � � 0 � � � � � � 0 � � � � � � � � � � 0 � , � = � � 
 � � = � , , ! $

- � � & � 9 1 � & � � � � 1 � 9 �

4 � � � � � � � F � � � � � * � � � , � N � Z [ \ ] + � � � � � 
 � � � � = � � = � , � 
 * � � � � � � � � � � � � � $ j � � � � 
 � � � � � � � 0 �

� � � � � � F � � � * � � F � � � � � � � � 
 
 0 � � � 
 , * � � 
 � � � � � b * � � � 0 � 
 � = = * � � � � , ! 0 � � � � F � � � � � � � � � � � � � � 
 �


 � ! � � , 0 $ 4 � � � � � � � F � � � � � * � � � � : � � � � 
 F � � � � � � � � � � � � � � � � 0 � 
 � � � � � � � � � � � $ D � � = 
 F F 
 �

� � = � 
 � � � � � � F � N � � = = * � � � � � � � � � � F � � � * � � F � � � 3 * � � � � � : � � � � 
 F � � � � 5 � � � � � � � � F � � � � � * � � �

0 � ; = * , � � � � 3 � 5 � � � � � � = � 
 � � , � = � � 
 � � = � 
 � � � � � 0 3 E 5 = 
 * � , � � � � � � � � � � � : � � , � � 0 � 
 � � � 
 � � ,

� � � � � � = 
 F � 
 � � � � � $

4 F * , � � � : � � , � : � � � � 
 F � � � � 3 > � * � � [ $ E 5 � � � � � � = � � � � , � 
 � � : � � , � � 0 � 
 � � � 
 � � , � � � � � � F � � � * � � 8

F � � � � 
 � � � � � � 0 � � � � � � 
 � � � F � � � � � * � � � � � * � � 0 $ D � � � : � � � � 
 F � � � � = 
 � � � � � � � � 
 � , * F � � �

� 
 0 � � � � = � 0 E [ F F � � � � � $ D � � � � � � � � � = 
 � � � = � � � � � � � � � � � = � F � � � ! F � � � � 
 � � � 0 � � � � � � 
 � �


 � � � � � � � = � F � � � � 0 � � � � � � , 
 � 0 � � � � � 
 � � 0 � 0 � ! � � � F 
 * � � � � � > : � * � � $ D � � � 
 � � 
 0 � � � � � �

� 
 F 
 � � 
 � , ! � � � � � � : � � , 0 � � � = � � 
 � � � � , � � � � � 
 � � 
 F � 
 0 � � � � � � � 
 F 
 � � 
 � , ! � � � � � = � � 8

= * F � � � � � � � � , 0 � � � = � � 
 � $ 4 : � � , 0 � � � , � = � F � � � � � � 0 � � � , � 
 � � � � � �
	

� � � 
 * � � * � � 
 , � � � � � $ D � �

� : � � , � � � � � � � �
�

� � � �  �
�

� � 0 � � � � � � � � � � � � � � � � � � � � �
� 	  �

�

� � � � � � �
�

� � � � � 
 * � � � � � 0 � * �


 � � � � � � � = � F � � � � 0 �
�

� � � � � � � � � , � � � � � 3 E [ F F 5 
 � � � � � : � � � � 
 F � � � � $

NASA/CR—2001-210715 76



L � � * � � [ $ I � J � � � � � � 0 � � � � � � � � � * � � 0 � � 
 � F � � � 
 � � � � � � � � * �

$ � � � 1 & 5 U � 9 � 5 � 9 � � � *

D � � @ D � � ! � � � F � � = 
 � � � 
 , , � 0 � ! � F � = � 
 = 
 F � * � � � � b * � � � � 0 � � � � � 0 � � � � � , 8 � � � , 
 � 3 % � 4 5

= 
 � � � � � � � � � � � � � 
 � � 0 � � � � 0 � � � � 0 � � � = 
 � � � 
 , � 
 � � � � � � � : � � , � � 0 � 
 � � � � 
 � � , F 
 � � 
 � � 
 � � � �

� = � * � � 
 � $ 4 � Z 8 � � � � � � , 
 � 8 0 � � � � � , 3 4 � % 5 = 
 � � � � � � � � � * � � 0 � 
 � = b * � � � , 
 � 0 � � 
 � b * � � � 0

� : � � � � 
 F � � � � 3 � : � � , � � 0 � 
 � � � 
 � � , 5 0 � � � $ D � � % � 4 � � 0 4 � % � � � 0 � � � � � � = 
 F F � � 0 � 0 � \ \

� � F � � � � � � � = 
 � 0 � ! � 
 � � � � � � � � � � � � = * � � 
 F � M � 0 * � � � � � L j G D G 4 W � � 
 � � � F $ D � 
 � � � � �

� � � � � � � � 
 � F � 0 * � � � � � � � � � � = 
 � � � 
 , $ 4 , , 
 � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � 
 � F � 0 � �

� � � � � � = 
 � � � 
 , $

� ! � ! � - � ' 1 1 � � ' ) ' 1 ) ' � � 3 � � ' � )

4 � = � � F � � � = 0 � � � � � F � 
 � � � � � � � � � � � 0 � � � � � � � � � * � � 0 � � 
 � F � � � 
 � � � � � � � � * � 3 � � + � � � � � � � 8

� � � G � � � � � � 
 � � � � � � � � ! 3 + � G 
 5 5 � � � � 
 � � � � L � � * � � [ $ I $ � � * � � , � M � � � � � � � � * � � � � � � � � � > � �

� 
 � � � � � � � � � � � � � * � � � � � � � � = 
 � � � � � � 0 � � � � � � � � � F * , � � 8 � � , , � 0 � � � � � * � � � � � � � , $ D � � � 
 , * F �


 � � � � � � � � � * � � M � 0 � � � � � N � � � � � , 
 � � � � 
 � � � � , � � � = � * � � 
 � � � � 0 � � � � � � � � 
 = � � � � 0 � � � � � � �

� � 
 � � 0 � � � � � ! $ 6 � � � � * � � � � F 
 � � � 
 � � 0 * � � � � F � � � � � � � = 
 � , � � � � � * � � � � � � � � � � � � � : � 
 � � 0 � 


� � � � � � � � � � � � * � � � � � � � 
 � F � � � $ D � � � � = 
 � , � � � � * � � 0 � � = � * � � 
 � � � � � � � � , ! � � � � 
 0 * = � � , � � � 0

, � � � � � F � � � � � � � � � � = � � � � = 
 � , � � � � � � � � = � = � � � � � � � � � � � � � , � � 0 � � � � � * � � $

NASA/CR—2001-210715 77



L � � * � � [ $ L � % � F � � � � 
 � � , 0 � � � � , � 
 � � * � * , � � � � � = � F � � � 3 � , , 0 � F � � � � 
 � � � � F F 5

D � � � � � = � F � � � � > � � � � � � � � � � 0 � � � � � , 
 � 0 � � � � � � � � � F � , ! � � � � � � � � � � � � � � � � � * � � � � � � � ,

� � � 
 � � � � � � � � � � * � � M � � � 
 � � � 0 � � � � � � � � � 
 � 
 � = 
 F � � � � � � 
 � � � � � � , � � 0 � � � 0 � � � � � 0 , � � � , 
 �

� * � � � � F � 
 � � 0 � ! 0 � 
 � � � � � = � � � � � * � � $ � � � � � F � 
 � � � � � � 
 = 
 � � � � * 
 * � , ! F 
 � � � 
 � � � � � � � � � * � �

0 * � � � � � � � � � � � $ � � � � � � b * � � � 0 � 
 � = = * � � � � , ! F 
 � � � 
 � � � � , 
 � 0 � � 0 0 � � � , � = � F � � � 0 * � � � �

0 � � 
 � F � � � 
 � * � 0 � � � � � � � * � � $ L 
 � F 
 � � 0 � � � � , � 
 � � � � � � � � � ! � � � F � � 0 � � � � � � 
 = � 0 * � � � � � � �

� � � 0 � � � � � � � � � � � 0 � 
 3 � � � � 0 
 � � N � � � � , � � � � � � $

� ! � ! # � � ' 4 3 � ' � � ' ) + 3 , 1

� � � = � F � � � * � � 0 � � � � � @ D � � ! � � � F � � � � � � � � 8 � � , , � 0 � * � � � � 0 � � � � � � 0 � 
 � = � � � � � � � , � � � � � � � �


 � � � � � � � � � � � � � � � � � � = � � 
 � $ 4 , � 
 � � � � 0 � F � � � � 
 � � � � � � * = � � � � � , 
 � 0 � � � � � � � � � � � � 0 � � 0 � 
 �

� � � � � � = � F � � � � � * , � � � � � * � � � 
 � F � � � � � � 0 � � � � � � * � � 
 � � � � � � � � � � � � = � � 
 � $ D � � 0 � F � � � � 
 � � ,

0 � � � � , � 
 � � � � � � � = � F � � � � � � � � � � � � L � � * � � [ $ L $

� � � � 	 � 	  � � � �
�

� 	 � 	 � 	 � � �

� � � � � � � � � � 
 0 * = � 0 � � � � F � 
 � � � � = � 
 � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � 
 � � � � � � � � � ! � � , 0 � � 0

� 
 � � � � � � � 
 � � 
 � � = , � � � 
 � F � � � � � � , � � � � � � : � � � � � � � % � . � = � $ D � � � � � � � � � � � � � � � � � � � 
 * � � �

� � � 
 � � � � 
 � F * , � � � 
 � � ! � � F � , ! � � = , * 0 � � � � � � F � � � � � � � � � � � 
 , 0 � * � = � � 
 � � � 0 � � � � 0 � � � � � � �

� � � � 
 � � � 0 � � 
 , * � � 
 � � � ! , � � � � � � � 0 
 � � � $ 4 , � � 
 * � � � � � = � 
 � � � � 
 � F 
 � � � � � � � � � � 
 , 0

� * � = � � 
 � � � � b * � � � 
 � L $ E E � � G * � � � > � 0 � 
 � � � � � � F � , � = � � ! � � 0 � � � ! � � 0 * = � � � , � � ! � 
 � � , , N � 
 � �

NASA/CR—2001-210715 78



� 
 � F � � � � � � 
 � , ! 
 � � 
 � � � � F � � ! � 
 � � � � � , � � � � � $ D � � � � � � 
 � � � � � � = � 
 � = � 
 � � � � � 
 � F F � !

0 � � � � 0 
 � � � � F � � � � � � , * � 0 � � � � � � � � � � � � � 
 � $

4 � � � 0 � � � 
 � � , � � � � 
 � = � � 
 � F � � � , � � 
 * , 0 � � � 
 = 
 � 0 * = � � ! 0 � 
 � � � � � = � � � � � � � � * � � � � � � 0 � !

P � � 0 � F � � � � � [ E � $ L 
 � � * � � � ! 0 � 
 � � � � � = � � � � � 
 � � � � � � � 3
�

5 � � � � I
�

� � 0 � � � � � � \ $ Y � � = � �

� * = � � � � � � � � , , � � , � 0 � � � � F � � � � � � � � � � � � � . � = � � � 
 � � � � � � � 
 � � � 0 = � * � � � � � � F � � � � �

� 
 , * F � = � � � � � 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � $ � � � 
 � � � F � � � � � 0 � � 
 � F � � � 
 � � � 
 � � � � � � 0 * � 0 � �

� ! 0 � 
 � � � � � = � � � � � � � � � � � � � � � � 
 , 0 � * � = � � 
 � = � � � � � � � � 0 
 � 0 � � � � � 
 � � = � � � � � � � � � � � , 
 � � $ 
 � , � N �

� � � � � � � � � 
 , 0 � * � = � � 
 � � 
 � � � � F � � � � � � , � � � � = � = � � � � b * � � � � > � 0 � ! � * � � � � � � � , � , 
 � 0 � � � �

� � � F � , � * � � � : � � , � � � � � � , , � � � � � * ; = � � � � � 
 b * � � � � � ! � � � � � � � , � � � � � � 
 , 0 � * � = � � 
 � $ D � � �

� � � � = � * � � � � � � � � � � � , ! � � , 0 � * � = � � 
 � � � � � � � � � * � N � 
 � � = 
 � ; = � � � � � � � � � 0 � � � � F � � � � � 
 � 
 �

� � � = � � � b * � � � � � � , � � � � � � � � � � : � � � � F � � � � $

� ! # !  � 1 � , + ) 3 � � ) � ' ' � ' 4 ) � 	 3 � � + � 3 + � ) 1

L 
 � � � � � � � � , = � � � � � � � � � � � � 0 � 
 � � � F * � � � � = 
 � � � 0 � � � 0 � � F * , � � � : � � , � � � � � � 
 � � � F � � � 0 �

� 
 � � � 0 
 � � � 0 � 
 b * � � � � � ! � � � � � � � , � � � � � � F � 
 � � � � = � � � � � � 0 � > � � � � 
 � 
 � ! � � , 0 � � 0 � 
 � $ D � � �

= � � � � � = = 
 F � , � � � � 0 � ! � 
 , , 
 � � � � � � � � � � � � � G � = � 
 � � � � � � � � � � � � 
 � , ! 
 � � � � � � � � � � � � � � � � � � � � �

� � = � � � � � � � � 
 � � � � � � � ! � � � 
 � , ! 
 � � � 
 � M � � 
 � � � � � � � � � � � � � � � $ � 
 F � � � F � , � , 
 � 0 � � � � 3 � : � � � � � , 5

� * = � � � � ! 0 � 
 � � � � � = � � � � � * � � 3 � � �� \ � � � � � � � \ 5 � � 0 � * � � � � � � � 3 � � �� \ � � � � � � � \ 5

= � � � � , � 0 � � = � � � � � � � � � � � � � � � 
 � 
 � � � � , � � � � = � � ! $ D � � � � � � � � � , � � � � � 
 � � � � F � � � � � � , 0 
 � � � 
 �

= � � � � � 0 * � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � 0 � � � = � �� � � � � � �� � � � � � � � 0 �� � � � � $ % * � � � � � � � , � � � � =

0 � � 
 � F � � � 
 � � � 
 � � � � � � � � � � : � � � � � , , 
 � 0 � � � � � � � = � * � � � � * � � � � � � � 
 � � ! 0 � 
 � � � � � = � � � � � 
 � � � �

� 
 � � F F � 0 � � � � , ! N � 
 � � $ D � � � � � � � = � * � � � � � � � � � � � � � � � � , � 
 0 � � � � 0 
 � � � � � � � � � � � , � � � � � � � �

� � � = � � � � � 
 � M � � 
 0 * � � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � � � � �� � �� � � � �� � �� � � � � � 0 �� � �� � � $

L 
 � � � � � � � � , , 
 � 0 � � � = 
 � 0 � � � 
 � � � � � � � � � � � � � � � � � � � 
 � , ! 
 � � = � � � � � � � � . � = � � � � � � � � � � � � 8

� � � � � � � = � � � � 
 � � � � � � 0 � ! � 
 , , 
 � � � � � * � 0 � � � � � = � 
 � � � � � � � � . � = � � � � � � � � � � � , � � � 0 � � � � F � � � 0

� ! � � � = � 
 � � � � 
 0 * = � 
 � � � � � � � 0 � � � � 
 � � � � 
 � � � � � � 
 � � � � � � � � � � $ @ � � � � F � � � = � , , ! � � � � � = � �

NASA/CR—2001-210715 79



� � � : � � � � � � 0 � �

� �� �
	

� �� � � �� � � � � � � � � �

� �� �
	

� �� � � �� � � � � � � � � � 3 [ $ � 5

� �� �
	

� �� � � �� � � � � � � � � �

� � � � � �� � � �� � � � 0 �� � � � � � . � = � � � � � � � � � � � � � � � � � � � � 0 � > � � 0 � � � � � 
 * � , ! $

� � � � � � � � � � � 
 � � � � � � 0 � ! � � � � � 
 � � � b * � � � 
 � � � � � � � � � � , ! � � � * � � = � 0 � ! � � � � � � � � � � � � 
 � � � �

� � � = � � � � 
 � � � b * � � � 0 � 
 � � � � � M � � 
 � � � � � � = 
 � 0 � � � 
 � $ 9 . � = � � � � � � � � � � � � � � � , � 
 0 � � � � 0 
 �

� � � � � � � � � � , � � � � � � � � � � � � = � � � � � � � � � � � F � � � * � � � , � � 
 � = 
 � � � 
 , , � � , � � � � � � � , � � $ D � � � � � 
 � � �

= 
 F � * � � � F 
 0 � , � � � � � � � = � � � � � ! � 
 0 � � � � F � � � � � � � , 
 � 0 � � � � 
 � � � , ! � � 
 � 0 � � � 
 � 
 , , 
 �

� � � � * � 0 � � � � � = � 
 � � � � � b * � � � 
 � [ $ � $ 4 � � 0 0 � � � 
 � � , = 
 F � , � : � � ! � � � � � � � 
 � � 
 � 8 � � 
 � 
 � � � 
 � � ,

, 
 � 0 � � � � 
 � � � � = � � � � � � � , � � 0 � � � � � � � � 0 � . � = � � � � � � � � � � 0 � � � = � � 
 � � � � � � � � � � � , , ! � 
 � � � �

� � F � $

� ! # ! � � ) � ' 1 1 ) � + � ' 4 ) � � 3 ' 1 3 � ) � � ' ' � 3 � ' � 1 3 � � + , 1 ) � ' 1 1 1 � + 4 '


 � � � � � b * � � � 
 � � [ $ � � � � * F � � � 
 � � � � � � � � � � G � = � 
 � � � � = � � � � 0 � � � � � 0 0 � � � � 0 � � � 
 � � � � � � � � � � � �

� 
 � � � � � � � � � � � � � � � � � = � $ L � � * � � [ $ [ 3 � 5 � � 
 � � � � 
 � � � � � � � � � � � � � � � � � � � � = � � � , � . � = � � � �

� � � � � � � � � = � � � � � � � � � � 
 � � �� � � � 0 �� � = 
 � � � � � � � � � � , � L � � * � � [ $ [ 3 � 5 � � 
 � � � � � = � � � � � � � �� �

� , 
 � � � � � � � F � � � � � � � � � � � � $ W 
 � � � � � � � � � � 4 P � � � ! 0 � 
 � � � � � = � � � � � 
 � � � � , � � � � � + % � �

� 
 � $ Y 
 � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � 0 � � � � � � � � � F � 0 � � � = � � 
 � $ � � F � , � � , ! � � � � = � � � � 
 �

� � � ! � � � �� � � � � � = 
 � � � � � � �� � � � 0 �� � � � � � 
 � � � � L � � * � � [ $ Z $ 4 � � � � � � � � � F � 
 � � � � = � 
 � � � �

� � � � � � � � � 
 � � � � � = , � � � , ! � � � � � � � � � 4 P � � � � � � � � � ! � � � � � � � 
 � � � � � � � 0 � � � * � � � � � � � � � � , �

� � � � + % � � � 
 � $ P 
 � � 4 P � � 0 + % � � � � � � � � � � � � � 0 � � � � , , � , � * � � � � � � = � � � � � 
 � �� � � , 
 � � + %

� � , � � � � � � � � � � � � � � , 
 � � 4 P $

L � � � , , ! � � � � � � � 
 � � � � ! � � � �� � � � � � = 
 � � � � � � �� � � � 0 �� � � � � � � 
 � � � � L � � * � � [ $ � $ D � � ! � � �

� � � � � � � � � � � � � � � � 
 � 0 
 � � � ! � � � � � � � = � � � � 
 � � � � � $ P 
 � � � � � � � � � � � � , 
 = � , � : � � � F � � � � = � � �

� : � � = � � 0 � 
 = � * � � � 0 � � � � � = � = � � � � � � � � � � � � � , � � � � = � � � � 
 � � � � � � � � = � � � � � � � 
 F , 
 � 0 � � � � 


* � , 
 � 0 � � � 
 = = * � � $

NASA/CR—2001-210715 80



-500

0

500

-500

0

500

-200

0

200

400

600

12

3

0 100 200 300 400 500
0

100

200

300

400

500

600

700

800

900

1000

I 1
(M

P
a)

Dist. along path (MPa)

� � � � �� � � � �


�
� �

A

BC

D

-200

400

-400

400
200

200

-200
-400

= 1.432 x 10  (MPa)2

 = 4.775 x 10  (MPa)
3

A

B

C

D
 A          0        0          0 
 B        250    250      250 
 C       -245   133      512 
 D       -100   277      656 

CD 

AB J 3J 2 = = 0

Point

ΓΓ

Γ

1Γ 2Γ 3Γ

5

4
J 2 
J 3

∼ ∼

∼

∼

∼

(a)

(b)

Γ = σ − α ii i

L � � * � � [ $ [ � 9 . � = � � � � � � � � � � � � � � � � � � � �� � = � � � � � � � 8 �� � � � 0 �� � = 
 � � � � � �

NASA/CR—2001-210715 81



-500

0

500

-500

0

500

-200

0

200

400

600

12

3

0 100 200 300 400 5000

0.5

1

1.5

2

2.5

3

3.5
x 105

J 2 (
M

P
a2 )

Dist. along path (MPa)

A

B

C

D

-400
-200

200
400

-200
-400

200
400

(MPa)(MPa)

(M
P

a)

A

B

C

D

Γ

ΓΓ

 A          1        0         -1 
 B        250      0       -250 
 C       -245   133      512 
 D       -422   133      689 

Point 1Γ 2Γ 3Γ 

I1

J 3

=  400 MPa 

=  4.775 x 10  (MPa)3
CD 

AB J3I1 = = 0

4

∼ ∼ ∼

∼

∼

Γ = σ − α ii i

L � � * � � [ $ Z � 9 . � = � � � � � � � � � � � � � � � � � � � �� � = � � � � � � � 8 �� � � � 0 �� � = 
 � � � � � �

NASA/CR—2001-210715 82



-500

0

500

-500

0

500

-200

0

200

400

600

12

3

0 100 200 300 400 500
-500

-400

-300

-200

-100

0

100

200

300

400

500
x 10

J 3 (
M

P
a

3 )

Dist. along path (MPa)

(M
P

a)

(MPa)(MPa) -400
-200

200
400

-400
-200

200 400

A

A

B

C

D

C

ΓΓ

Γ

5

 A        -500    400     250 
 B        -94     -344     588 
 C       -245    133      512 
 D        453    -285     231 

Point 1Γ 2Γ 3Γ

I1
J 2

=  400 MPa 

=   1.432 x 10  (MPa)
2CD 

AB 
         150 MPa
J   =   2.325 x 10  (MPa)2

I1 =  
2

B

D
5

∼

∼

∼

∼

∼

Γ = σ − α ii i

5

L � � * � � [ $ � � 9 . � = � � � � � � � � � � � � � � � � � � � �� � = � � � � � � � 8 �� � � � 0 �� � = 
 � � � � � �

NASA/CR—2001-210715 83



9 : � � � � F � � � � � � 
 � * � � � � � � � � � 8 0 � F � � � � 
 � � , � � � � � � � � � � � � � � b * � � � = 
 F � , � : , � � 
 � � � 
 � ! � b * � � 8

F � � � � * = � � � � � � � 0 � � � , 
 � � 0 � ! + � , , 
 = � � � 0 @ � � b * � � � � � � � � $ Y � � = � � � � � F � , � � � , � � � � � � � � �

� � � � 
 � = � � 
 * , 0 � � � 
 � � � � � � = � � � � � � � � � � � � � G � = � 
 � ! � 
 � � , � � � � � � � � � $ 6 , � � � � � � � � � , 
 � 0 � � �

= � � � � � � � 0 � , ! � � � , � � 0 � 
 � � � � � 8 � � , , � 0 � * � � � ! � : � � , � 
 � = � � � 
 � b * � � � � 0 � � � � � � � , � � � � � * � � $

L 
 � � � , � � � � � � � � 
 � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � , � � � 0 � !

� � �

� �
I

3 � � �
�

�
�

�
� 5 3 [ $ E 5

� � � * , � � � � � � 
 � , ! � � 
 
 � � � � � � � � � � � � � � � � � � � � � 0 � � � � 0 � � � $ D � * � � 0 � . � � � � � � � � � 
 � = � � � � �

� � � � � 
 � � � � � � 8 0 � F � � � � 
 � � , � � � = � � � � � � 0 � 0 $

� ! # ! # - , + � ' 1 ) � ' 1 1 ' � � ' � 3 � ' � ) 1

� � � = � �� � � � � � � � � � � F � � ! � � � * � � = � 
 � � � � � � � , � � � � = � 
 � � � � = � � � � � � � � � � 0 0 � . � � � � � , ! � � , � � � � �

� 
 � � � 
 � � � � � � 
 � � � � � � � � � � $ � � � � � � * � � � 
 � 
 � � 0 � � � � � � � = � � � � � � � �� � � � � � � � � F � � � � � = �


 � � � � � � 
 � � � � � � 
 � � � � � � � � � � � � � � � � ! � � � �� � � � 0 � = 
 � � � � � � �� � � � 0 � � � 
 � � � � � � � � � � � � � � �

� � � ! � � � �� � � � 0 � = 
 � � � � � � �� � $ D � � � � � ! � � � 
 � � � � � � � � � � � � � 
 � � � 
 � � � � , � * � � � � � : � � , 8 � 
 � � � 
 � � ,

, 
 � 0 � � � 
 � � � � � � � � , , � 0 � * � * , � � � � � = � F � � $

� � F � , � , 
 � 0 � � � � � � � � � � � : � � , 8 � 
 � � � 
 � � , � � � � � � � � � = � � � � � � � � � � � ! � � � � � 
 � � = 
 � 0 � � � 
 � � � �

� � 
 � � � � L � � * � � [ $ � � � 0 L � � * � � [ $ � $ � � � � * � � � � � � � , � � � � � � � � � � � � � � = � 
 � � � � � � � � � � � � � �

� 
 � � � � 
 � � � � � � , 
 � 0 � � � � � � � L � � * � � [ $ � � � � � � � � * , � � � � = 
 � � � � � � �� � � � 0 � = � � � � � � � �� � $ � � �

= 
 F � � � � 0 = 
 F � � � � � � 
 � 8 � � � � � � � � � � � � � � � � � � = � 
 � � � � � � � � � � � � � � � 
 � � � � � 0 � � � = 
 F � � � � � � � �

� � � � � � � � � � 0 * = � 0 � � � , � � � � � � � � � � � � � � � � � � � = � � � � � 0 � � � � L � � * � � [ $ � � �� � � � F � � � � = 
 � � � � � �

� � 0 �� � � � = � � � � � � $ D � 
 * � � �� � � � � � 
 � = � � � M � � 
 � � � � � , 
 � 0 � � � � = 
 � � � � � 
 � 0 � � 
 , 
 � 0 � � � � � � = �

� � � �� � � � � � � � � 
 � � � � � � � � � � � � � � � � 
 � � � = � � � � � � � � � � , � � � � = � � ! $

D � � � � � � � � 
 � � � � � � � � � � � � � � 
 � � = � , � � � � � = 
 F � � � � � 
 � � � � � � * � � � � � � � � � � � � = 
 � 0 * = � � 0 � � � �

� 0 � � � � = � , �� � � � � � $ % � . � � � � = � � � � � � � � � � , � � � � = � � � � � � � � � � 
 � � � = 
 * , 0 � � � � � � � � � � � � * � � 0 � 


�� � � 
 � , 
 � 0 � � � � � L � � * � � [ $ � � � 0 � 
 �� � � � L � � * � � [ $ � $ D � � � = � � � � * � � 0 � 
 0 � � � � F � � � � �

� � � � 
 � � � � � � � � � � � � � � � 
 � � � � F � � � � � � , � � � � F � � � � � 1 � � 0 J � � � b * � � � 
 � L $ E E $

� � � = � � � 
 � 
 � � � 
 � � , , 
 � 0 � � � � � � � � � � � � 
 � � � , ! � � � � � 
 � 8 � � 
 � 
 � � � 
 � � , , 
 � 0 � � � � � � � � � 
 � � � � � � , �

� 
 = 
 � � � 0 � � � � � � � 
 � 
 � � � 
 � � , , 
 � 0 � � � � � � � 
 � � � � L � � * � � [ $ � \ $ D � � , 
 � 0 � � � � � � � = � � � �

� 0 G * � � � 0 � 
 � � � � � � � �� � � � � � � � � � � � � F � � 
 � � � ! , 
 � 0 � � � 0 � � � = � � 
 � � � � $ L 
 � � � , * � � 
 � � � 
 �

NASA/CR—2001-210715 84



0 400 800 1200
0

400

800

1200

11

12

0 1 2 3 4 5 6 7 8 9

x 105

0

100

200

300
x 105

0 1 2 3 4 5 6 7 8 9

x 105

I 1
 (

M
P

a
)

J
2
 (MPa2)

I1 = 110 MPa

J2 = 4 MPa2 /sec

J 3
 (

M
P

a3
) J

 

(MPa)

(M
P

a
)

.

Γ

Γ

3

0

500

1000

1500.
∼

∼

∼

∼

∼

∼

Γ  = σ   − α ii ij j j

L � � * � � [ $ � � � � � � � � � � � � � � � � �� � = 
 � � � � � � � �� � � � � � = 
 � � � � � � � � 0 �� � = � � � � � � �

-1200 -800 -400 0
0

400

800

1200

11

12

0 0.5 1 1.5 2 2.5 3

x 10
4

0 0.5 1 1.5 2 2.5 3

x 10
4

-1500

-1000

-500

0

I 1 (
M

P
a
)

J
2
 (MPa2)

J
3
 = 0

J 3
 (

M
P

a3
)

J
2
 = 4 MPa2/sec

I
1

 

(MPa)

(M
P

a
)

.

100

200

300
x 10

5

Γ

Γ ∼

∼

∼

∼

∼

∼

Γ  = σ   − α ii ij j j

L � � * � � [ $ � � � � � � � � � � � � � � � � �� � = 
 � � � � � � � �� � � � � � = 
 � � � � � � � � 0 �� � = � � � � � � �

NASA/CR—2001-210715 85



0 100 200 300 400 500 600 700
0

100

200

300

400

500

600

λ  = 0.2816

I 1 (M
Pa

)

0 100 200 300 400 500 600 700
0

50

100

150

200

250

300

350

400

J 21/
2  (M

Pa
)

0 100 200 300 400 500 600 700
0

50

100

150

200

250

300

350

400

J 31/
3  (M

Pa
)

Characteristic Distance (MPa)

λ  = 0, 0.2816

λ  = 0, 0.2816

λ  = 0

∼
∼

∼

1

1

1

1

L � � * � � [ $ � \ � 9 . � = � � � � � � � � � � � � � � � � � � � � � 
 � � � 
 � � 
 � 
 � � � 
 � � , , 
 � 0 � � � � �

\ $ \ � � 0 \ $ E � � Z � � � � = � � � � � � � � �� � � � � � � � � 
 � � � , F 
 � � � 0 � � � � = � , � � � , � � � � = � � � � � � � �� � � �

� 
 � $ D � * � � � ! 0 � . � � � � = � � � � � � � � � , � � � � = � � � � 
 � � � = 
 * , 0 � � � � � � � � * � � 0 � 
 �� � $

D � � 
 � G � = � � � � 
 � � � � � � � � 
 * � � : � � � � F � � � � , � 
 � � � � � , � � � � � 0 � � = � � � � 0 � � 
 � � � � � 
 0 � � � � F � � � � � � �

� . � = � � � = � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � , � � � � = 0 � � 
 � F � � � 
 � $ D � � � � � � � � � = � �


 � , ! � � 0 � � � � F � � � 0 � ! * � � � � � � � � � � = 
 � , � � � � = F 
 0 � , � 
 � � � 0 � = � � � � , � � � � = � � � � � � � � 0 � � � � = � � � �

� 
 � � � � � � � � � � � : � � � F � M � � � � 0 � . � � � � = � � � � � � � � � � � � � � 
 � F � $ � � � � � � 
 � � � , � � � � � � � � � � � � � � �

� � , , � � b * � � � � 
 � 8 � � 
 � 
 � � � 
 � � , , 
 � 0 � � � � � 0 = � � � � 
 � � � , � : � � � 
 � � � � � 
 0 � $

NASA/CR—2001-210715 86



� � � � � � � � � 	 � 	
�

� 	 � 	 � 	 � � � � � � �  	 � � � � 	 � � � � � 	 �

L � � � � � = � � � � = � � � � M � � � 
 � � � 0 
 � � * � � � � � * � � � � � � � � � � � � � � � � � � � � � F � , � � � 
 , 
 � 0 � � � � 4 P � �

L � � * � � [ $ Z 3 � 5 $ W � : � � � : � � , � � � � � � � * , � � � � � * � � 0 � 
 0 � � � � F � � � � � � � � � � � � 
 , 0 � * � � � = � � � � � F � � � � �

1 � � 0 J $ D � � � � � � � � � 
 � � � � � � � � 
 � 
 , , 
 � , 
 � 0 � � � � � � � � � � � � * , � � � � � � ! � � � �� � � �� � � � 0 �� � � � � 0

� � � = � � � � � 
 � � � F � , � � � 
 � � ! 
 � � � � � � � � � � � L � � * � � � [ $ [ � 
 [ $ � \ � � � � � � � � � � 0 � � � � � � 
 N � � �

� � 
 � � � � � � � � � � = 
 � � � � � � � � 0 � � � ! � � � � � � � 0 $

f � , � 0 � � � 
 � � : � � � � F � � � � � � � � � � : � � , � � � � � * � � � � � � 
 � � � � 
 � 
 � � � 
 � � , � � 0 � 
 � 8 � � 
 � 
 � � � 
 � � , , 
 � 0 8

� � � $ D � � � 
 � 8 � � 
 � 
 � � � 
 � � , , 
 � 0 � � � � � � � F � , � � � 
 � � � � � � � � � L � � * � � [ $ � � � � , � � � � � � 
 � 
 � � � 
 � � ,

, 
 � 0 � � � � � � � F � , � � � 
 � � � , 
 � 0 � � � � � � � L � � * � � [ $ � \ $ D � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � � � � � � � � � * � � � 8

� F � 
 � � 0 � ! 0 � 
 � � � � � = � � � � � * � � = 
 F � , � F � � � � � � � � � � , � 0 � � � 
 � � : � � � � F � � � � � � � = � � � � ! 0 � � � = � , !

� � 
 � � � � � . � = � 
 � �� � 
 � F � � � � � � , � � � , � � � � = � � ! $ D � � � F � � � � = � � � � � 0 � � � , 
 � � 0 � 
 � = � � � � = � � � � M � 8

� � 
 � � � 0 � � , � 0 � � � 
 � 
 � � � � � � 
 � 
 � � 0 � � � = 
 � , � � � � = F 
 0 � , � � � � � � � : � � � = � � 
 � $

� � � � 	 � � � 	 � � 	 � 	 �

D � � F 
 � � � F � 
 � � � � � � � 0 
 � � � � � � F � � � � � F 
 � � 0 � ; = * , � � � � � = � 
 � F 
 0 � , � � � � � � , � � � � � 0

� � F � � � � � * � � � � 
 � � � � � � � � � � � � � b * � � � 0 F � � � � � � , � � � � F � � � � � $ D � � � � � 
 = � � � � 0 0 � ; = * , � ! � � � F �

� 
 � 
 � , ! � � 
 F � � � � � � � � � ! � � � � � F � � � � F � � � = � , � 
 � F � 
 � � � � � � � � � � 
 , 0 � * � = � � 
 � � � * � � , � 
 � � 
 F

� � � � � = � � � � � F * , � � � , � � � � � 
 � F � � � � � � , � � � � F � � � � � = � � = 
 � � � , � � � � : � � � � F � � � � , 0 � � � � b * � , , !

� � , , � � 
 � � � � � � � , 
 � 0 � � � � $ � � 
 � 0 � � � 
 � � � � � � � � � � � � � 
 � � � � � � 
 � F � � � � � � , � � � � F � � � � � � � � � �

� � � � � � 
 � � = � * = � � , � 
 = � 
 
 � � � � � � � � 
 � � � � � � � � � 
 � � : � � � � F � � � � � � � � � � � = N � � � � � 0 � � � � � � 
 �

� � , * � � � 
 � � � � � � � � � � , � � * � 0 � � = 
 � � � 0 � � � � � 
 � 3 � $ � $ , 
 � 0 � � � � � � � � , 
 � 0 , � � � , � � = 
 � � � 
 , F 
 0 � 5 $

L � � � � � � � � � � � � F � � � � : � 
 � � � � � * � � � � � � � = � � � � = � � � � M � � � 
 � � � 0 � � � , 
 � � 0 $ D � � � � � � 
 , , 
 � � 0 � !

� � � � � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � $ L � � � , , ! � � � � � F � � � � : � 
 � � : � � , � � � � � � � * � 0 � � � ! 0 � 
 � � � � � =

� � � � � * � � � � � , � 
 � � � � � $ 4 , , � � � � � � � � = 
 � 0 * = � � 0 � � Z [ \ ] + � : = � � � � 
 � � � � � � � � � * � � � � � � � � � � � = �

� � � � � � 
 
 F � � F � � � � � * � � $

� � � � � U � & � 5 U & � & 5 � � � � � & � � � 9

� � � = � � � � � � � � ! � � � � 
 0 � � � � F � � � � � � � � F � � � � � � , � � � � F � � � � � � 0 � . � � � � � � ! � � � 
 � � : � � � � F � � � �

NASA/CR—2001-210715 87



D � � , � [ $ � � 6 * � � � � � � � = � � � � = � � � � M � � � 
 � � : � � � � F � � � �

W � F � + 
 � � � 
 , 3 
 � 0 � � � � � � � � �
3 � � � 5 � � 3 � � � 5 9 � 0 , � � � ,

� W � � � � � � � � � L [ F � = � 
 � � � � � � � � � \ $ � L I E \ \ \ $ \ � � �

� W E \ � � � � � � � � $ L F � = � 
 � � � � � � � � � [ \ \ L L � \ \ \ $ \ E Z �

� W E � � � � � � � E [ $ � @ 6 � � � E E $ � � E � E [ [ E @ 6 �

� W E E � � � � � � E [ $ � @ 6 � � � � � $ [ L I E \ \ L � E @ 6 �

time

Stress/
strain

Endlevel
Hold time

�
�

� �

L � � * � � [ $ � � � � = � � F � � � = � 
 � � � � � � = � � � � = � � � � M � � � 
 � � � � � �

� � � � ! � � = � , , ! � � b * � � � 0 � 
 � � � 
 � � � � � � � F � � � 
 � 
 � � � � � � � � � � F � � � � � $ j � � � � � � � � � � � � 
 * � � � � � �

3 � * F F � � � M � 0 � � D � � , � [ $ � 5 � � � � = 
 � 0 * = � � 0 $

D � � � � � � � � = 
 � � � 
 , , � 0 � � � � � � � � � � � 0 � . � � � � � , 
 � 0 � � � � � � � � 3 � � 
 
 � 0 � � � 
 � F � � � � � * 0 � 5 � � 0

� � � � � � � � � F � � � 0 � � � � � � , � � � , $ j � � � � 
 � � � � � � � 0 � � � � � � � � � � = 
 � � � 
 , , � 0 � � � � � � � � � � � � � �

� � F � , 
 � 0 � � � � � � � � * � � � � � 0 � . � � � � � � � 0 � � � � � � , � � � , � $ 4 , , � � � � 
 , 0 � � F � � � : = � � � � 
 � � W E �

� � � � � � � � 
 : � F � � � , ! � E � 
 * � � $ 4 � = � � F � � � = 0 � � � � � F � 
 � � � � � � � � � � � � � � � 
 � � � � L � � * � � [ $ � � $

4 , � & * � � � � �

4 : � � , � � � � � � � � � � � , , � � * � � 0 � 
 = � � � � = � � � � M � � � � F � � � � � � , � � � � F � � � � � 1 � J � � 0 � � � � �

� * F F � � � M � 0 � � D � � , � [ $ E $

$ � � � � 9 � � 9 = � � U / = � � � � & � � 5 � � � � � � � �

D � � � � � � � � � 
 � 
 � � � � � � � � � � � � � � � � F � � � , ! � 
 � � � � b * � , � � � � � � � � � � � F � � � 
 � � � � = 
 � � � � � * � � 
 � 
 �

NASA/CR—2001-210715 88



D � � , � [ $ E � 4 : � � , = � � � � = � � � � M � � � 
 � � : � � � � F � � � �

D ! � � + 
 � � � 
 , 9 � 0 , � � � , D � F �

D � � � � 
 � � � � � � � \ $ \ E � \ \ �

+ 
 F � � � � � � 
 � � � � � � � 8 \ $ \ E � \ \ �

�� � � � � � � � � � � � � 
 , 0 � * � = � � 
 � $ Y � � = � � 
 � , ! � � � � � � � � � � � � � , � � � � 0 � � � = � � � � � � � � � � � � � � � , �


 � = 
 F � � � � � � � � � � � � � * � 0 � � � � � � � 0 � . � � � � � � � , * � � 
 � � ! 0 � 
 � � � � � = � � � � � * � � $ D � � � � � � � � � � � �

� , � � � � 0 � 
 � � 0 
 � � � � � 
 
 F � � F � � � � � * � � $ D � � � � � � � * � � � � � � � � � � � � � � � � i \ $ � � 
 L E \ @ 6 � $

4 � � � � 
 � � � � � � � � � � � F � � � � � � , � � � � F � � � � � * � � � � � � � � � � � 0 � : � � , = � � � � = � � � � M � � � 
 � � � � , � 0 � � � 
 �


 � � � � F 
 0 � , � � 0 
 � � * � � � � � � � : � � , � : � � � � F � � � � � � � � = � � � � 0 � � � , 
 � � 0 � � � � � � � : � = � � � � � � $

NASA/CR—2001-210715 89





� � � � � � 
 �

� � 	 � � � 	 � � � � � 	 � � 	 	 � � �

� � � � � � � 
 � 0 � � � , 
 � � 0 � � � � 
 � F * , � � � 
 � � 
 � � * � � > � 0 � � � = 
 � , � � � � = F 
 0 � , * � � � � � � � � � � � , � M � 0

� � � � � � 
 , 0 � * � = � � 
 � � � 0 � 0 � � � � > � 0 � : � � � � F � � � � � � � � � � � � � b * � � � 0 � 
 0 � � � � F � � � F � � � � � � , � � 8

� � F � � � � � � � � � � F 
 0 � , $ D � � � � � * , � � 
 � � � � = � � � � = � � � � M � � � 
 � � � 0 � � , � 0 � � � 
 � � � � � � � � � � � � � � � � � 0

� � � � � � = � � � � � � $ D � � � � 
 = � 0 * � � � 
 � 0 � � � � F � � � � � 
 � 
 � � � � F � � � � � � , � � � � F � � � � � � � � : � , � � � � 0 $

j � = � � � � � � � � F � � � � � � � � 0 � � � � F � � � 0 � � � � : � � , � � , � 0 � � � 
 � � � � � � � � � = 
 F � � � � 0 � � � � F 
 0 � ,

� � � 0 � = � � 
 � � $ G � � * , � � � � 
 F � � � � � � � � 
 � � � 0 = 
 F � � � � � � 
 � � � � � � * � 0 � � � ! 0 � 
 � � � � � = � � � � � * � � � , 8

, * � � � � � � � � � � F � 
 � � � � = � 
 � � � � > � � � � � � � � � � � � � � � � � � � � � � � 0 � � = � � � � � 
 � 
 � � � � , � � � � = � � ! $ L � � � , , ! �

� � � � � � * , � � � � � 0 � � = * � � � 0 � � 0 � � � � , � � 0 � � � � � � F � , � = � � � 
 � � 
 � � � � F 
 0 � , � � � 0 � � = � � � � 0 $

� � � � 	 � 	 � � 	 � 	 � 	 � � � � � 	 � 	 � 	 	 � � 	 � 	 � 	 � 	 � �

D � � � � � 0 � 
 � � * � � > � 0 � � � = 
 � , � � � � = F 
 0 � , = � � � � , � 
 � = � � � * � � � � � � � � % � . � = � � � � � � � � � � � � � 8

, � � � � 0 � � 0 � � � � � � � , � M � 0 � � � 
 � ! � � � � � � � 0 � � � , 
 � � 0 $ 4 0 0 � � � 
 � � , , ! � � � � : � � � � F � � � � , � � 
 � � � F

� 
 = � � � � = � � � � M � � � � F � � � � � � , � � � � F � � � � � � � � � � F 
 0 � , � � � 0 � � � , 
 � � 0 $ � � � � � � � � = � � 
 � � � � �

� : � � � � F � � � � , � � � * , � � � � � � � � � � � � � 0 � � � � � � � � � � � � � * � � � � � � � � : � � � � F � � � � $ 
 � � � � � � � � � 0 � � � �

� � � � � � � F � � � � � � � � 
 = � � � � 0 � � � � J f � 6 � � � � 
 � � � F � M � 0 * � � � � � � � � � 
 � � � F � + 
 � � � � � * � � � � @ � 8

� � � � � , 6 � � � F � � � � 9 � � � F � � 
 � 3 � � 	 �  � � � � � , � � � � � � , � � � � � � 5 � � 0 � � � = 
 � � � , � � � 0 � � � � 
 � � � �

� � � � � � � � � � � 0 $ � � 	 �  � � 
 � � � F � M � � � � � � � � � F � � � � � � � � 
 = � � � � 0 � � � � � 
 � � � 0 � � 
 , * � � 
 � 3 � �

! � � � N � � � � � � 5 $ % � � � � F � � � � � 
 � 
 � � � � � � � 
 , 0 � * � = � � 
 � � � � � F � � � � � 3 1 � � � J � � � 5 � � 0 
 � � * � � � �

NASA/CR—2001-210715 91



� : � � , 3 � � � � � , � � � 0 = 
 F � � � � � � � � 5 � : � � � � F � � � � , 0 � � � $ j � = � � , , � � � � � � � F � � � � � � � � 0 � � � � F � � � 0 �

� � � F 
 0 � , � � � � � * � � � � 
 * � � � � � � 
 � 
 * � � � � � � 
 � � � � � ! = 
 � � � : � � ! 
 � � � � � � � � � � 
 , 0 � * � = � � 
 � � $

� !  !  � � � ' � 3 � ' � ) + , � ' 1 � , ) 1

D � � � * � � � � � � � � : � � � � F � � � � 0 � � = � � � � 0 � � D � � , � [ $ � � � � � = � � � � � 0 
 * � 
 � � � � 0 � � = 
 � � , � � �

� � Z [ \ ] + $ 4 � � 0 � � � � � � 
 � , 
 � 0 � � � � � � � � � � 0 � � 0 , � � � , � � � � * � � 0 � � � � � = � � � � = � � � � M � � � 
 �

� : � � � � F � � � � � � 0 � � � = � � � = � � � : � � = � � 
 
 � � � � � � � 
 
 0 � � � � F � � � 
 � � � � F � � � � � � , � � � � F � � � � � $

G � � * , � � 
 � � � � � * � � � � � � � � : � � � � F � � � � � � � � � � � � � � � 0 � � L � � * � � Z $ � � 
 L � � * � � Z $ I $ � � � � � � 8 � � � � � �

� � � � 
 � � � � 
 � F 
 � 
 � 
 � � = � � = � � � � � � � � � � � � � � � � � � � � � � 
 0 � . � � � � � � � � � � � � � � 
 � � � � L � � * � � Z $ � $

D � � , 
 � 0 � � � � � � � � 
 � � W � 3 � � L \ F � = � 
 � � � � � � � � � = 5 � � � � 
 
 � 0 � � � 
 � F � � � � � * 0 � � � � � � � � � � �

� � � � � 
 � � W E \ 3 � � $ L F � = � 
 � � � � � � � � � = 5 � � � * , � � � � � � , � � � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � W � $ Y � � = � �

� � � F � : � F * F � � � � � � , � � � , � 
 � � W � � � � � � � � � 
 � � � � , 
 � � � � � � � � � , � � � , � � � � � � � � � � � � � � W E \ $

L � � * � � Z $ E � � 
 � � � � � � � � � � , � : � � � 
 � 
 � � � � E � 
 * � � � � � � � , 
 � 0 � � � � � � � � � � 
 � � � = � F � � � $ � � � � � �

� � , � : � � � 
 � � � � � � � � � � 
 � � W � 0 * � � 
 � � � � F � , , � � � F 
 * � � 
 � � � � , � � � � = 0 � � 
 � F � � � 
 � � � � � 
 = = * � � 0

0 * � � � � , 
 � 0 � � � � � , � � � � � � 
 � W E \ $ + � � � � � � � � � � � * , � � � � � � � 
 � � � � L � � * � � Z $ I $ + � � � � � � � � � � � � 
 �

� W E � � � � , � � � � � � � � � � W E E � � = � * � � � � � = 
 � � � � � � � � � � � � � � � � � � � � � � � � � � i [ [ E @ 6 � = 
 F � � � � 0

� 
 L � E @ 6 � 3 � 
 � � � � � � F � , 
 � 0 � � � � � � � 
 � E [ $ � @ 6 � � � � = 5 $

� � � � � � = 
 � � � 
 , , � 0 , 
 � 0 � � � � � = � 
 � � � � 
 � � * � � � � � * � � � : � � , � � 0 � � � : � � , � : � � � � F � � � � $ L 
 � � � � �

� � � � 
 � � 
 � , ! � � � � � � � � � = 
 � � � 
 , , � 0 � � � � � � � * , � � � � 
 F � W � � � 0 � W E \ � � � * � � 0 � 
 � = � � � � = � � � � M � � �

� � � F � � � � � � , $

� !  ! � � � ) 3 � 3 � + ) 3 � � � 1 3 � � � � � � 
 � �

� � � � � � � � �  � � # %  % � �  ) % � , � # / 0 � #  � % 4 � /  7 8 9 7 < = � � ?  � � � , � % 0 �  � �  � ? � , # � ,  � , / ?

 � � � =  � I � � %  � � ? = , � L , % I � ? % , � % � � ? % 4 N � % I � / ?  � �  � I � R N � � �  � % ? % = = , � T � I %  � N W  ) �

� � / , � Z [ \ % , � ) % �  % ^ � ? � ? � , # � , ? �   � N � � � � � � � ?  � % N � ? � � , I %  � � ? = , � c � # � # 4 W  � � � �  � �  � [

� � � , � # / 0 � #  � �  # %  % = � � ?  � % , � � � � ) ? 4 W 0 � , 0 N � � � ? g � L / , � � h [ i % ? # h [ < [

NASA/CR—2001-210715 92



0 0.005 0.01 0.015 0.02 0.025 0.03
0

100

200

300

400

500

600

Engineering Shear Strain

S
he

ar
 S

tr
es

s 
(M

P
a)

1740 microstrain/sec  (IN7)
17.4 microstrain/sec   (IN20)

g � L / , � h [ 7 � � � � % , �  , � � � 9 �  , % � ? , � � = � ? � �

NASA/CR—2001-210715 93



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
4

100

0

100

200

300

400

500

600

Time (sec)

S
he

ar
 S

tr
es

s 
(M

P
a)

IN7 
IN20

  

g � L / , � h [ 8 � � � � % , �  , � � � , � N % T %  � � ?

NASA/CR—2001-210715 94



0 200 400 600 800 1000 1200 1400
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Maximum Stress = 552 MPa

Time (sec)

E
ng

in
ee

rin
g 

S
he

ar
 S

tr
ai

n
(a)

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
4

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Maximum Stress = 482 MPa

Time (sec)

E
ng

in
ee

rin
g 

S
he

ar
 S

tr
ai

n

(b)

g � L / , � h [ � � � � � % , N � % # � ? L %  8 < [ 7 � � % � � � 0 % ? # 0 , � � = � R % Z � � 8 7 R 4 Z � � 8 8

NASA/CR—2001-210715 95



� % 4 N � h [ 7 � � T = � , � I � ?  � / � � # � � , � � � % , 0 � % , % 0  � , � � %  � � ?

� % I � � % T [ �  , % � ? � � I �  � I % T [ �  , % � ? R � � 0 Z � � N #  � I � R � � 0 Z � � � L �  �

� � � � [ � 7 l l 7 � [ l 9 � [ 8 <

� � 8 � � [ � 8 < � l < 7 i � � [ 8 9 � [ 8 <

� � � � [ � 7 l l 7 � [ l i � 8 � � � [ 8 <

� � 8 � � [ � 8 < � l < 7 i � � [ 8 i � 8 � � � [ 8 <

� % 4 N � h [ 8 � � N % �  � 0 0 � ? �  % ?  � � � , % L � # � ? 0 � ? � N � 7 l %  h < � � \

� 7 h < � h � � � %

� � [ 8 � �

	 h � � � 8 [ < � � %

� � � 0 � � � 0 � % ? #  � � ? / I 4 � , � � = � � ?  � / � � # � ?  � �  � �  # %  % = N % W � % ? � I = � ,  % ?  , � N � � ?

� =  � I � � � ? L  � � I %  � , � % N = % , % I �  � , �  � 
   � � # %  % [ � � 0 % ? 4 � 0 N � % , N W � � � ? � I � , � = � � ?  � % , �

/ � � # � ?  � � , � L � � ? � � � 0 � % ? L � ? L � N � = � � [ � � � � � , � L � � ? � % , �  W = � 0 % N N W  , % ? � �  � � ? � � , � I � N % �  � 0

 � � ? � N % �  � 0 , � L � I � � � , � , � I I � ? �  � ? � 0 N � % # � ? L  � � � N # [

� � � � � � � ) % � / � � #  � 
   � � = % , % I �  � , � % � � � 0 � %  � # ) �  �  � � � � ) N % ) � � % , # � ? � ? L � % ? #

, � 0 � c � , W = % , % I �  � , � / � � ? L  � � � � � � / , � �  � � � � T = � , � I � ?  % N # %  % [ � � � � ? = /  # %  % % , � � / I 9

I % , � � � # � ? � % 4 N � � h [ 7 % ? # h [ 8 [

� ? � ?  � , I � # � %  � �  � = ) % � % # � =  � #  � � % 0 � N �  %  � � =  � I � � %  � � ? � �  � � � � c � ? I %  � , � % N = % , % I �  � , �

R � �  � � � # � � � � � � Z [ g � , �  � � ? N W  � � N � % # � ? L = � ,  � � ? � � � � � � % ? # � � 8 � ) � , � / � � # ) �  � � ' / % N

) � � L �  � R � [ < Z  � � c % N / %  � % N N � �  � � = % , % I �  � , � R � �  � � � % 4 N � h [ � Z [ � � T  �  � � 0 � I = N �  � # %  %

� �  � � , � I � � � % ? # � � 8 � R � ? 0 N / # � ? L , � N % T %  � � ? Z ) � , � / � � #  � # �  � , I � ? � % ? �  � � , � �  R � �  � � Z

� � = % , % I �  � , � R � % 4 N � h [ i Z [ � � � ? % N N � � / ,  � �  � % , � / � � #  � L �  � � , �  � � = % , % I �  � , � % � � � 0 � %  � #

) �  � � � ) N % ) R � � � �  Z ) � , � ^ � =  0 N � � �  � � �  � % ? #  � � � � % � � � 0 � %  � # ) �  � � c � N /  � � ? R # � � �

� � � Z % , � ^ � =  0 N � � �  � � �  � � [ � % , % I �  � , � � � � % ? # � ) � , � ^ � =  ) �  � � ? �  � , � � # � 0 % # � � % ? #

= % , % I �  � , � � �  � # % ? # � ) � , � ^ � =  ) �  � � ? � � � � [ � � � � ? �  � % N c % N / � � % ? # 4 � / ? # � � ? � % 4 N �

h [ < , � � � 0   � � � % = = , � % 0 � [

� � � � � � � � / 0 0 � � � � c � N W / = # %  � #  � � � 4 1 � 0  � c � � / ? 0  � � ? / ?  � N �  , � % 0 � � # % c % N / � � � 7 [ � % ? #

NASA/CR—2001-210715 96



� % 4 N � h [ � � � =  � I � � � # c % N / � � � � I %  � , � % N = % , % I �  � , � R � �  � Z

� % , % I �  � , g � ? % N c % N / �

� R � � % Z � l [ �

? � [ i

� R � � % 9 � Z � [ �

	

7 � �

I h [ l

� � [ l

� R 7 � � Z � [ �

	

7 � � � 	

� R � � % Z i [ 8
	

7 � � �

� % 4 N � h [ i � � =  � I � � � # c % N / � � � � I %  � , � % N = % , % I �  � , � R � �  � � Z

� % , % I �  � , g � ? % N c % N / �

� R � � % Z 8 � � [ �

? 7 � [ 8

� R � � % 9 � Z l [ �

	

7 � �

I 7 8 [ �

� � [ � <

� R 7 � � Z h [ �

	

7 � � � 	

� R � � % Z 8 [ �

	

7 � �

� % 4 N � h [ < � � %  � , � % N = % , % I �  � , �  � 4 � � =  � I � � � #

� % , % I �  � , � ? �  � % N c % N / � � � ) � , 4 � / ? # � =  � I � � � # � % N / � � = = � , 4 � / ? #

� R � � % Z � l [ � h � [ � � � [ i i � 7 � � [ �

? � [ i < [ � � [ i i < 7 � [ �

� R � � % 9 � Z � [ �

	

7 � � � [ �

	

7 � 	 h [ < i i
	

7 � � � [ �

	

7 � �

I 7 8 [ � l [ � � [ � 7 h [ �

� � [ � < 8 [ � � [ i i < i [ �

� R 7 � � Z h [ �

	

7 � � � 	 h [ �

	

7 � � � � < [ � l �

	

7 � � � � h [ �

	

7 � � � �

� R � � % Z 8 [ �

	

7 � � 8 [ �

	

7 � � � [ � � 8
	

7 � � 8 [ �

	

7 � � �

NASA/CR—2001-210715 97



 � � � =  � I � � � # I %  � , � % N = % , % I �  � , � % , � L � c � ? � ? � % 4 N � h [ < [ � � 0 � I = N �  �  � � � =  � I � � %  � � ? �

� � � � � � � ) % � , � ' / � , � #  � 4 � , � �  % ,  � # % � � )  � I � � R  W = � 0 % N N W �  � i Z [ � % 0 �  � I �  � �

= , � L , % I � � , � �  % ,  � # � % ? � ) R / = # %  � # Z � �  � � � ? �  � % N = % , % I �  � , � � � / � � # ) � � 0 � � ? � / , � �  � %  

 � � � =  � I � � %  � � ? # � � � ? �  �  � = %  % N � 0 % N I � ? � I / I [ � � � , � � / N  � ? L 0 � , , � N %  � � ?  �  � � � T = � , � 9

I � ?  % N # %  % � � � � � ) ? 4 W � � N � # N � ? � � � ? g � L / , � h [ i % ? # g � L / , � h [ < [ � � � , � � � % L � � # 0 � , , � N %  � � ?

4 �  ) � � ?  � � I � # � N , � � = � ? � � % ? #  � � � T = � , � I � ?  % N # %  % [ �  � � � / N # 4 � ? �  � #  � %  = , � # � 0  � � ? �

� , � I � � � � � � � / � � ? L  � � = % , % I �  � , � � ? � % 4 N � h [ < � � , % T � % N N � % # � ? L , � � / N  � � ? � # � ?  � 0 % N

�  , � � � � � � ?  � ? � � � ? R 
 L / , � h [ h Z % ? # 0 � I = , � � � � � ? � T 0 � =  � � ,  � � � � L ? [ � � � � � � 4 � 0 % / � �  � �

 � , � � � � N # � / ? 0  � � ? � ?  � � � � � � � � � R 	 � � � � � � , I / N %  � � ? Z # � = � ? # � � ? N W � ? �
�

[

g � L / , � h [ h � � � ) �  � %   � � � � ) �  , � � � � � = , � # � 0  � # 4 W � � � � � � � % , � � � L � � ,  � % ?  � � � T = � , 9

� I � ?  % N c % N / � � � � ,  � ? � � � ? % ? # 0 � I = , � � � � � ? [ � � � �  � c � c % N / � � � � � �  � � , � � , � � , 4 �  � , � � / N  

� ? % # � 0 , � % � � � ?  � ? � � N � � � ) �  , � � � � � % ? # % ? � ? 0 , � % � � � ? 0 � I = , � � � � c � � � ) �  , � � � � � , � N %  � c �  �

 � � �
�

I � # � N R � � � � � Z [ � � ? 0 � � �  � � ? �  = � � � � 4 N �  � �  % ,  ) �  �  � � � =  � I � � � # = % , % I �  � , �

� ? � % 4 N � h [ < % ? # L �  L � � # 0 � , , � N %  � � ? ) �  �  � ? � � N � % ? # 0 � I = , � � � � c � � T = � , � I � ?  � [ � ? � , # � ,

 � � / 0 0 � � � � / N N W 0 % =  / , �  � � � � � 
 � 0  � �  � � , � ' / � , � #  � � 4  % � ? % ? % T � % N = , � # � 0  � � ?  � %  � �

4 �  ) � � ?  � �  � ? � � N � % ? # 0 � I = , � � � � c � � T = � , � I � ?  % N # %  % [ �  % ,  � ? L ) �  � � / 0 � % �
�

I � # � N R � �

� � � Z ) � 0 % ?  � � ? 0 % =  / , �  � � � � � 
 � 0  4 W � ?  , � # / 0 � ? L = � � �  � c � c % N / � � � � , � � , � � , 4 �  � [

� � # �  � � � � ) � / � � # % ? % N  � , ? %  � c � % = = , � % 0 �  � # �  � , I � ? �  � � I %  � , � % N = % , % I �  � , � [

� ? � , � % � � ? � � ,  � � � c � , 9 = , � # � 0  � � ? � � � � ) �  , � � � � � � ?  � ? � � � ? % ? # 0 � I = , � � � � � ? 0 � / N # 4 � %

? � � # � � , I � , � c % , � �  W � ?  � � � T = � , � I � ?  % N # %  % [ � ? %   � I =   � / � �  � � �  , � � � 0 � ?  , � N N � #

 � �  # %  % R � � 8 7 % ? # � � 8 8 Z � ? % # # �  � � ?  �  � � � � � ? � % 4 N � h [ 7 # � # ? �  , � � / N  � ? % ? W 4 �   � ,

0 � , , � N %  � � ? ) �  � � T = � , � I � ?  � [ � c � ? # � 
 � , � ?  � % N ) � � L �  � ? L � �  � �  � �  � � � , � =  � I � � %  � � ? L % c �

? � � I = , � c � I � ?  � ? = , � # � 0  � � ? [ � ? � % = = , � % 0 � ) � / N # 4 �  � % # # � T = � , � I � ?  � ) �  � # � 
 � , � ?  

N � % # � ? L , %  � � � � � N #  � I � � � � ? # N � c � N � � I � # � � � � 0 � ?  , � N R �  , � � � � , �  , % � ? Z % ? #  W = � � � � N � % # � ? L

R � � ? L N � �  � = � , I / N  � 9 �  � = Z � � ?  � � 0 � % , % 0  � , � � %  � � ? [ � � ) � c � , � ) � , � �  , � 0  % # # �  � � ? % N � � � % ,

� T = � , � I � ?  �  � � ? N W � ? � R � � i Z % ? # 0 � � � � � % ? % N  � , ? %  � c � ) % W  � 0 � % , % 0  � , � � �  � � 	 � � � �

= % , % I �  � , � [

NASA/CR—2001-210715 98



0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

100

200

300

400

500

600
S

he
ar

 S
tr

es
s 

(M
P

a)

Engineering Shear Strain

(a)

COMPARE   
Experiment

0 0.005 0.01 0.015 0.02 0.025 0.03
0

100

200

300

400

500

600

S
he

ar
 S

tr
es

s 
(M

P
a)

Engineering Shear Strain

(b)

COMPARE   
Experiment

g � L / , � h [ i � � � � � � � � 
  � � , � � � % , N � % # � ? L � R % Z � � � R 4 Z � � 8 �

NASA/CR—2001-210715 99



0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
4

0

100

200

300

400

500

600

S
he

ar
 S

tr
es

s 
(M

P
a)

Time (sec)

(a)

COMPARE   
Experiment

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

x 10
4

0

100

200

300

400

500

600
(b)

Time (sec)

S
he

ar
 S

tr
es

s 
(M

P
a)

COMPARE   
Experiment

g � L / , � h [ < � � � � � � � � 
  � � , � � � % , N � % # � ? L % ? # , � N % T %  � � ? � R % Z � � � R 4 Z � � 8 �

NASA/CR—2001-210715 100



0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

100

200

300

400

500

600

700

800

900

1000

Axial Strain

A
xi

al
 S

tr
es

s 
(M

P
a)

Tension (IN6)      
Compression (IN2)  
COMPARE (Table 6.5)

g � L / , � h [ h � � , � # � 0  � � ? � � , % T � % N N � % # � ? L � \ � I = % , � � � ? ) �  � � � h % ? # � � 8

NASA/CR—2001-210715 101



� % 4 N � h [ h � � � c � � � # � T = � , � I � ?  � / � � # � � , 0 � % , % 0  � , � � %  � � ?

� W = � � % I � � % T [ � ? L � ? � � , � ? L �  , % � ? � � % # � ? L  � I � R � � 0 Z � � � L �  �

� � � % , � � � � [ � 7 l l 7 � [ l � [ 8 <

� � � % , � � i � [ � 8 i 7 � � [ � � [ 8 <

� T � % N � � h � [ � 8 7 � � [ � � [ i

� T � % N � � 8 9 � [ � 8 7 � � [ � � [ 7

� !  ! # � , ) ' � � + ) 3 � ' + � � � � + 4 �

� L � � # ) % W  � �  % ,  � �  � N � � ^ %   � � = % , % I �  � , � � ) � � 0 � � % # 4 � � ? 
   �  � � � T = � , � I � ?  �

= / , � N W 4 W % I %  � � I %  � 0 % N  � 0 � ? � ' / � � � , � I % = � W � � 0 % N c � � ) = � � ?  [ � � � � � ) N % ) = % , % I �  � , � �

R � � [ i i � � � % Z % ? #  R � [ i i < Z � , � I � % 4 N � h [ < � � � I  � 4 � = � W � � 0 % N N W / ? , � % N � �  � 0 [ � , � = , � � � ?  �  � �

� ? �  � % N � � � % , W � � N # �  , � ? L  � R � ' / %  � � ? i [ 7 < Z % ? # � � ? 0 � � � � / N # 4 � 0 N � � �  �  � � � T = � , � I � ?  % N N W

# �  � , I � ? � # c % N / � � � 8 8 � � � % [ � % , % I �  � ,  , � = , � � � ?  � , %  � � � ? � �  � c �  W � �  � � I %  � , � % N [ �

N % , L �  R � [ i i < Z L � c � � N % , L � , %  � 9 � � ? � �  � c �  W � 4 /   � � � � � ? �  � 4 � � , c � # � ?  � � � T = � , � I � ?  � [ � N � � �

 � � � % , # � ? � ? L = % , % I �  � , � R � [ � � 8
	

7 � � � � % Z � ) � � 0 � , � = , � � � ?  �  � � � ?  � , ? % N �  � 
 ? � � � � �  � �

I %  � , � % N � � � � / N # 4 � N � � �  � % ?  � � � T  � , ? % N �  � 
 ? � � � R 7 h < � h � � � % Z [

� � , � , � % � � ? % 4 N � c % N / � � � � � �  % ? # � � / � � # � ?  � � � =  � I � � %  � � ? � , � � / N  � # � ? 4 �   � , 0 � I = % , � � � ?

) �  � % T � % N  � �  # %  % [ � � ) � c � , �  � � = , � # � 0  � # % T � % N �  , � � � ) % � �  � N N ? �  4 �  ) � � ?  � �  � ? � � � ?

% ? # 0 � I = , � � � � � ?  � �  # %  % [ �   � � � = � � ?  � �  ) % � � � N   � %  / � � ? L # � 
 � , � ?  � T = � , � I � ?  % N # %  %

� � ,  � � 0 � % , % 0  � , � � %  � � ? ) � / N # L � c � 4 �   � , % T � % N , � � = � ? � � = , � # � 0  � � ? � [ g � , �  �  � �  � � 8 � ) % �

, � I � c � # � , � I  � � 0 � % , % 0  � , � � %  � � ? 4 � 0 % / � � �  � N � % # � ? L , %  � R 7 � I � 0 , � �  , % � ? � � Z ) % � I / 0 �

� N � ) � ,  � % ? ) � %  � � = N % ? ? � # � � ,  � � = , � � � ?  � ? c � �  � L %  � � ? R 8 � � 9 � � � I � 0 , � �  , % � ? � � Z [ � N � � �

� � ? 0 � ) � % , � ? �  N � � ^ � ? L %  N � ? L  � , I , � N % T %  � � ? 4 � � % c � � , %   � � � = � � ?  � � ? N W  � � N � % # � ? L

= % ,  � � � � � ) % � 0 � ? � � # � , � # [ � ? �  � � , �  , % � ? 0 � ?  , � N N � # � � � % , N � % # � ? L  � �  R � � i � � � ) ? � ?

g � L / , � h [ � Z ) % � % # # � #  �  � � # %  % 4 � 0 % / � � �  � N � % # � ? L , %  � R 8 i � I � 0 , � �  , % � ? � � � 0 Z � � � ?

 � � 8 � � 9 � � � I � 0 , � �  , % � ? � � , % ? L � [ g / ,  � � , �  � ? � � N � % ? # 0 � I = , � � � � c �  � �  # %  % R � � h % ? # � � 8 �

, � � = � 0  � c � N W Z % , � � ? 0 � , = � , %  � # � ?  � � 0 � % , % 0  � , � � %  � � ? ) �  � % = = , � = , � %  � ) � � L �  � ? L [ � � �  � �  �

/ � � # � ?  � � , � c � � � # � � � � � � � � =  � I � � %  � � ? % , � � / I I % , � � � # � ? � % 4 N � h [ h [ � � � ) � � L �  � � � ,

� � h % ? # � � 8 ) � , � # � c � N � = � # % �  � , % � � ) �  � , %  � � ? � [

NASA/CR—2001-210715 102



0 0.005 0.01 0.015 0.02 0.025
0

100

200

300

400

500

600

Engineering Shear Strain

S
he

ar
 S

tr
es

s 
(M

P
a)

240 microstrain/sec; Maximum Stress = 525 MPa
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